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Conaol cbanl uted for process conaol an, usually developed under die usua•lption that 
the ,equence of obaervadon1 to which they are applied is unronelated. This 111umption 
ii however frequently violated in practice especially in the continous proceu industry 
. 
where the observations of an in control process arc co11clated Under such circumstances 
ttaditional control charting proccdwes cannot be used effectively. 
A soludon to this problem is to model the 0011elated process as a ti11.e series model and 
use that model to remove the autoco11clation from the data and plot the residuals obtained 
by back calculation on a control chart The perf onnance exhibited by a control chart plot-
ted with residuals is compared to a control chan where the co11elated observations were 
plotted. Such an approach was found to give gocxl results under certain circumstances. 
An alternate solution to the problem was developed based on the results of the first 
approach. This approach involved transformation of the residuals obtained from one time 
series model to another time series model and then plotting the transformed data on a con-
trol chart. This approach was found to be effective under a different set of environments. 
A combination of the two approaches can lead to effective monitoring and control of a 









S11d1tic1J Pioce11 Control (SPC) can be pnerally defined u the use of 111dldcaJ ••ctbod1 
and techniques to improve process productivity and product quality. Included under Ila· 
tiltical process conttol are all the statistical techniques involved with the design of expcr-
i11ents, analysis of data and on - line quality control methods.This thesis is concerned 
with control chan methods aimed at process monitoring and control for continous pro-
cesses as would be found in the chemical industry. Due to the natural C011elation that 
exists in such processes there is a need for new control chart methods. This is the purpose 
. 
of this thesis. 
1.1.0 Causes of Variadon in Quality: 
At the basis of the theory of control charts is a differentiation of the causes of variation in 
quality. In any production process regardless of how well designed, a certain amount of 
inherent or natural variability will always exist. This natural variability or background 
noise is the cumulative effect of many small and essentially uncontrollable causes. When 
the background noise of a process is relatively small , we usually consider this an accept-
~ ' 
able level of process perfor1nance. A process that is operating with only chance causes of 
variatjon present is said to be µt statistical control. 






Vlriabillty ln die by qualiry charac1eri1dc1 usually ari1e1 from h1~rly ldjualed pro-
ce11e1, human ea101 • defective materials. Such variability is generally large when eo111-
pued ID the back1r0&1nd Doile and u1ually represenu an unacceptable level of proce11 
paf011111oce. Tbeae are ~feiod ro u usignable causes. A proce11 lhat ii operadn1 in the 
presence of a11ipablc causes is said to be out of control. 
It ii very typical of production processes to operate in an in conttol state producing accept-
able product for relatively long periods of time . Occasionally assignable causes will 
occur resulting in a shift to an out of control state where a large proportion of the process 
output does not conform to specifications. A major objective of statistical quality control 
is to quickly detect the occurence of assignable causes or process shifts so that investiga-
tion of the process and corrective action may be taken before many nonconfm111ing units 
are manufactured The control charts are an on-line process control technique widely used 
for this purpose. Control charts are used to estimate the parameters of a production pro-
cess and the process capability. The control charts provide useful information in improv-
ing the process. 
1.2.0 Statistical Basis of Control Cb&Fts: 
• 
The control charts contain a center line that represents tht average value of the quality 
characteristic conesponding to the in control state. Two other lines called the upper con-
trol limit (UCL) and the lower control limit (LCL) are chosen such that if the process is 








plot widdn die control limits , the proceaa i1 1uu1uad to be in control and no acdoa ii aoc-
eaury. However, a point that plou outside the control limiu i• incer~tcd u evidence thal 
• 
the proceu ii out of control , inveadpdve and correction acdon i1 miuired ao find and , 
eliminate the usignablc causes. 
Theie is a close coMcction between control charts and hypotbesi1 testing. Bslelldally, the 
conttol chan is a test of the hypothesis that the process is in a state of statistical control. 
A point plotting within the control limits is equivalent to failing to reject the hypothesis , 
of statistical control and a point plotting outside the control limits is equivalent to reject-
• 
ing the hypothesis of statistical control. 
1.3.0 SPC In Discrete Parts Manufacturing: 
The data obtained from the manufacturing process is to be plotted sequentially in time on 
a chart containing the target and the upper and lower control limits. This chart essentially 
provides a hypothesis test that the process mean is equal to the target against the alterna-
tive that it is not. The hypothesis test is based on an assumed in control model which dic-
tates that the test statistic is uncorrelated . By comparing observed data with the in control 
model the hypothesis that the process is in control can either be accepted or rejected. If 
the limits are placed at 3 CJ the probability off alsely detecting an out of control condition 
is smaJl. However , with these limits, the probability of detecting a smaU deviation is 
small and so it is usually augments with runs tests. To remain in a state of statistical con-
. 
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Tbe key uau1•apdoa bebind lbe1e kcbnlque1 ii dw die data obtained 60,1, a diacffJte pull 
aere paru manuf acturin1 . An example would be a pan being machined on a lathe. The • 
final dimension of a being machined now is not dependent on the dia,1.eter of the previ-
ously machined workpiece. The dimension may be affected by other factors such as a bro-
ken tool or operator ei,or but not the previous workpiece. 
Another major assumption behind the use of these conttol chans is the no1,11ality assump-
-
tion. The central limit theorem can be used to justify the no1rnality assumption when xis 
used. Since in discrete parts manufacturing the data is usually independent , the nonnaJity 
assumption holds good as long as the sample sizes are fairly large. Since the assumptions 
of data independence and nonnaJity can often be satisfied the control charts can be very 
effectively used as a process control technique in the discrete parts manufacturing indus-
try. 
~ 
1.4.0 SPC in Continous Process Manufacturing: 
• 
. 
The assumption of data independence is vital for the application of traditional control 
charts . However, in a continous process environment this assumptjon is rarely satisfied 
Often chemical processes have substantial inertia caused by process dead time . Hence the 
o.utput of such a process is correlated in time.-This results in the independence assumption 
not being satisfied even approximately. The products are often highly co1related from 
. "\ , 
Pap6 
blldl to batcb • 
Tbe cooll'OI cb1111 will frequendy Pve misleading results if the data m conelated. The 
control cban limill uaed to detect a sipificant deviation will be much too nanow, leadin1 
to many f alsc alanns when in fact no abift in mean bas occured or the expected number 
of observations before a change is falsely indicated will be very small. 1be effect of cor-
relation on the perfonnance of the conttol charts will be significant even in the presence 
of small e0t1elation. So it ii obvious that the existing statistical process control techniques 
cannot be used to control continous manufacturing processes. Traditional SPC takes the 
view that correlated processes are , by definition, out of conttol. When purely random dis-
turbances are introduced to a continous process, cm1elated output will result Since the 
true definition of an in control process is a ''process driven purely by random noise '' new 
approaches based on appropriate models are needed. 
1.5.0 New Approach: I 
The new approach uses the existing statistical process control techniques but handles the 
data differently. This approach models the correlative structure as a time series model and 
uses that model to remove the autocorrelation from the data and plot the residuals on a 
control chart. Once the nature and parameters of the time series are known , the data to be 
.,._ 
plotted on a control chart is filtered accordingly. The proposed approaches for monitoring 








It ii app1oprl11e II dlil stap to diacu11 the existing stadatical procas conttol tochniquea 
and related research work in this area before delving into our approach. The !DOit com-
monly used control charts arc introduced in the following section . 
. 
2.1.0 CONTROL CHARTS: "' 
2.1.1 Sbewart Control Chart: 
Shewan Control Charts are named after their originator Walter A. Shewan who first laid 
out the basic philosophy behind the use of on-line control charts to monitor and control 
.. 
manufacturing processes. He suggested that data be plotted sequentially in time on a chan 
containing the target and the upper and lower control limits. The Shewart chart is still one 
of the most widely used control charts due to its simplicity. Based on the assumption of 
no1111ality, this chart essentially provides a hypothesis test that the process mean or vari-
ance is equal to the target against the alternative that it is not. If the limits are placed at 
,. 
3a the probability of falsely detecting an out of control condition is smaJI. However, the 
,3-
probability of detecting a small deviation is also small and so the standard Shewart pro-
; 
cedure is usually augmented with run tests to increase its sensitivity. 
: ·-~. -
To be in a state of statistical control the variance a2 should also remain stable. Therefore 
• 
Papi 
la cllacaete pans menufacturtn1 lndusuiel, where there conaol chlnl me widely, uled 
an,plea of n unill are &aken periodic.ally and both the sample niean and the range or the · 
1111,ple 1181ldanl deviation are plotted. The range or the umplc atandan1 deviation iJ an 
appropriate measure of the variability of the piocca. For cxauiplc, five umplcs drawn 
from a process should give a reasonable n-easurc of variability over the dme period during 
which it was drawn. On the other hand five samples taken sequentially from a process 
, 
might reflect tbc inherent process variability and show little about changing process vari-
ability , particularly if the process is autoconelated. These chans work well under 
assumptions of nmmality and are fairly simple to implement They are very useful for 
detecting large shifts in process mean or variance but not so effective in detecting smalJ 
process shifts. 
2.1.2. CUSUM Chart: 
' • 
A major disadvantage of any Shewart control chart is that it only uses the information 
about the process contained in the most recent plotted point, and ignores any infmmation 
given by the entire sequence of samples. So other criteria have been added to Shewart 
charts such as test for runs , the use of warning limits etc., which attempt to incorporate 
infor1nation from the entire set of points into the. decision procedure. These additional cri-
.. 
teria however reduce the simplicity and ease of interpre~tion of the Shewart chart. 
' . 
The cumulative sum or cusum control chart has been proposed [Montgomery] as an alter- · 
• 
native to the Shewart control chart. It directly incorporates all of the infmmation in the 





a,quence of 11111ple valuea by plonina the cumuladve sum• of the deviadonl of die maple 
valuea from a uqet value. for example. IUPJ>OIC that wnplel of size n ~ 1 
-ue collcieud • and xi i1 the avenge of the hh sample. Then if µ 0 i1 the wpt for the pn>-
cea111Lt10, the cumuladve sum conaol chan is f0111.ed by ploato1 the qu1otity 
m 
5m· I ~-µo 
• 
l = 1 
apinst the 11,nple number m. Sm is called the cumulative sum up to and including the 
mth sample. Because they combine infonnation from several samples, cumulative - sum 
charts are more effective than Shewan charts for detecting small process shifts. If the pro-
cess remains in control at the target value µ , the cumulative sum defined by the equation 
0 
above should vary randomly about i.ero. However, if the mean shifts upwards to some 
value then an upward or a positive trend will develop in the cumulative sum. Conversely, 
if the mean shifts downwards to some value, then a downward or negative trend will 
develop . Therefore, if a trend develops in the plotted points either upward or downward, 
it should be considered as evidence that the process mean has shifted , and a search for 
• 
some assignable cause should be perf01med. A V-mask is used a formal decision proce-
dure for determining whether a process is in control or not 
Cumulative-sum control charts have several advantages over Shewart control chart in that 
they are far more effective in detecting relative~y small shifts in the pf9Cess mean . For 
\ 
' 
small shifts they detect twice as quickly as a Shewart control chart. Also, the process shift 
is often easy to detect visually by the change of the slope in the plotted points. The cumu-
lative-sum charts have some disadvantages. They are very slow to detect large process 





cbe lllUll aauu,pdon ln panean recopldon is that the 14X1ucnce of points ii unconeJarr.d. 
Tbe cumul1dve 1um1 me not uncoa1el1ted because successive values differ by only one 
oblemadoa . Con,equendy, the cumuladve-1um control cban will often exhibit runs or 
Olher pattea DI dw are an ardfact of tbil coa 1eladon. 
2.1.3 Movln1 Averase Cbart : 
Control charts based on weighted averagts·arc also very effective in detecting ,mall pro-
cess shifts. Thia control chan based on the geometric moving average or OMA is repre-
sented by 
.. 
where O < A < 1 is a constant and the starting value required with the first sara,ple at t=l is 
-
-
-Z = X 0 
-
where x is computed from historical data. 
The weights given to samples decrease geometrically with the age of the sample mean. 
The OMA parameter A. determines how fast one discounts past data. When the parameter 
A. tends to unity only the cUITent point is weighted and the OMA is equivalent to a Shewart 
chart. As A tends towards zero., the GMA weights all points equally and resembles a 
CUSUM plot. Smaller values of A. should be used if early recognition of smaJJer shifts is 
desired and larger values for detecting large process shifts. The geometric average chart 
is an optimal control procedure for a process in which the mean in period t is related to 
the mean in period t - 1·. 
' 
~ ... ,/ 
Papll 
2.2.0 Effect ol Correladoa on Control Cbartl: 
The effect of serial c011elation on the control charting procedure, Ju.st described have boea 
IIUdted by researcben in the put and efforts have been taken to modify the coaaol ctwu 
such that the presence of cm1elation does not serioualy ba••.pcr the perfor1•11ace of lbe 
, coatrol Chana. 
TJ. Hanis [1988) in his paper discusses the effects of COJ1elation in sufficient detail and 
shows that they are substantial even in the presence of very small serial correlation. He 
• 
also shows that sequential likelihood ratio developed to specifically account for serial cor-
relation lead to modified CUSUM - like charts , but as the serial correlation becomes 
large, the probability of detecting a ~ shift in the mean becomes low. This results 
_.. 
because the procedures are all based on testing a null hypothesis that the ttu'5 mean of the 
... 
process is on target As serial co11elation becomes large, it becomes more and QlOl'C diffi-
cult to distinguish a shift in the mean from a temporary excursion in co11elation. 
Johnson and Bagshaw [1974] have studied the effect of serial cot1elation on the perfor-
mance of CUSUM charts. They employ the theory of weak convergence of the cumulative 
sums to a Wiener process. They have provided a theoretical basis for studying the effects 
of serial correlation on the perf onnance of the one - sided cusum test proposed by Page 
[1955]. Particular attention is placed on the first 9rder autoregressive model and the first 
order moving average model. They not only studied the effect of conelation on the run 
length but also on the run length distribution . One primary conclusion of their work was 




In an •oodler paper by Jobal'JD and Bapbaw (1975) they have extended their previou1 -
work on the study of the effect of serial eot1eladoo on the performance of cusum tel11 by 
developin1 another approximation to the cumuladve 1um1 which allows one to study the 
run length distribution after a change in level has occund Here again a fint order autoae-
,reasive model and a tint Older moving average model has been considered. In this paper, 
they employ a somewhat different approximation, na,1.ely that of a Wiener process with 
drift, constrained to lie between a reflecting barrier and an absorbing barrier, they obtain 
results for the run length distribution after a change in the mean has occund The new 
approximation was also used to study the run length distributions for in control situations. 
Their major emphasis was on studying run length distributions. 
Vasilopoulos and Starnboulis [1978] in their paper discuss the mcxlification of conttol 




longer hold good, appropriate control limits for x ands chans have to be found since the 
inttoduction of serial conelation seems to Jatly affect the distribution of i and s2 • The 
-
-
ratio V(x) indep/V(x AR(l)) is, for large n, proportional to (1-a)/ (l+a) while the ratio 
V(s2) indep / V(s2) AR (1) is proportional to (1 - a2 ) / (1 + a 2 ) where a is the cone-
lation co-efficient. This can be interpreted to mean that the number of observations 
-
required, for the same variability, is modified by the factor (1-a) / (1 +a) in the x distri-
bution and (1 - a2 ) / (1 + a2 ) in the s2 distribution. They discuss ways to analytically 
tabulate the quality control factors A, A1, B1, B2 , ~ 3, B4 in the presence of serial cone-
lation . They extend this methodology .for the AR(2) process also. Curves of the modified 




3.0 PROPOSED APPROACH: 
In the presence of serial cm relation it is not possible to use control chm ts direcdy for rea-
• 
sons that were explained in the previous section. So it is necessary to filter the data 
. 
obtained from the manufacturing process. The proposed approach is to cliJectly model the 
correlative structure as a time series mcxiel, use that mcxiel to remove the auto-co11elation 
from the data and apply control chans to the residuals. The uncorrelated residuals , which 
are then nonnally and independently distributed are plotted on a stan~ control chart 
. '· 
with 3 a limits. The direct observations from the process which -are c011elated cannot be 
plotted using the same limits . Instead their limits are so adjusted in such a way that the 
'fype - I or alpha error for charts using both the uncorrelated residuals and the con elated 
output from the process are the same. Two time series models were considered for study 
I 
here. One was the first order autoregressive model and the other was the first order moving 
average model. 
For example, suppose that we could model the quality characteristic y(t) as 
y(t) = <I>* y(t-1) + z(t) ...... 1 
where <I> is a constant and z(t) is a sequence of uncorrelated NID(O,o2) shocks. This 
. ' .. ,. 
would be representative of a first order autoregressive model. This equation is composed 






output ii observed the above cquadon can then be re-written to dctennlae the z(t) • 
. 
Z(t) • Y(t) - 4>• Y(t-1) ...... 2 
Since the z(t) is nothing but a aequence of uncorrelaled shocks they arc nonoalJy and inde-
pcnden tl y distributed and may be plotted on the control chans using 3a limits. The cor-
relation coefficient ~ is a constant and is assumed known . Since the values of the 
observations at time t-1 and t arc measured. z(t) can be detennined from equation 2. This ,,. 
; 
data can then be plotted on a control chan to study and control the process. Since the z(t) 
are uncorrelated they are independent and normal , and 3 a limits can be used to determine 
the upper and lower control limits. 
For comparison purposes, we also investigate the usual approach; a conttol chan on the 
process output. However, the observations or the process output cannot be plotted using 
the same control limits [Stamboulis & Yasilopoulus, 1974] because the control chan lim-
its used to detect a significant deviation will be much too narrow leading to many false 
alarms when in fact no shift in mean has occured or the expected number of observations 
before a change is falsely indicated will be very small. The effect of correlation on the per-
formance of control charts will be significant even in the presence of small correla,tion. 
Rather than setting the control limits at 3 a , the control chart limits are set at k a such that 
the probability of generating a false alarm will be the same as that of a chart based on nor-
mally and independently distributed data with 3o limits. The value of k was arrived at 
by simulation using a trial and error approach. They were adjusted in such a way that the 
~ . . .. 
alpha error for the charts were the same and equal to 0.0027 .Modification of the control 
. . . \. 
; . r',.·~,..... . 
... '' 





chan limits such that the alpha er1or1 for both chanl are the 11,1,e providel a •t 11111 I I 
• 
basis for comparison of the pcrf ormance of the two charts. 
Another example would be to model the quality characterildc Y (t) u 
Y(t) = Z(t) - 8 • Z(t-1) ...... 3 
where 8 is a constant and z(t) is a sequence of unco11elated NID shocks. This would be 
representative of a first order moving average model. Equation 3 can be re-written to yield 
equation 4 
z(t) = y(t) + 8 • z(t-1) ...... 4 
The same approach prescribed for a first order autoregressive model can be adopted for a 
first order moving average model. The residuals or shocks and the observations are plotted 
on two different charts with different control limits and their performances compared. 
3.1.0 Types of Shifts: 
An out of control condition of the process often results from a shift in the mean of the pro-
cess. It could be either an upward or a downward shift in the level of the process. The aim 
of statistical process control is to detect as quickly as possible any change in the level of 
the mean from the target value. A shift in the level of th.e process can occur due to various 
• 
reasons. 
ARIMA models are generated by passing white lloise (NID(O,a2 random shocks ) 
: ..... 
Pqel6 
through a process model to genera1e coi1el11ed processes. This model 111ce1 cloaely wldl 
our view of the behaviour of many real world continous processes. That is • when in con-
ttol, inputs can be modelled by white noise. 
It is possible to envision two extreme cases as to how an usignable cause could affect the 
process. A change in the level of an input to the process could be modelled as a step 
change in the mean of the z(t) driving the mcxiel. It is also possible to envision an assign-
able cause at the output resulting in a step change in y(t). The black box approach taken 
by ARIMA models to represent the process is simplistic for our purposes in that a level 
change may occur at some point within the process. However we take the view that an 
SPC procedure that effectively detects shifts at both the input and the output should be 
effective in general. While others have concentrated on detecting shifts at the output we 
feel that it is important to consider both cases. 
For example, consider a first order autoregressive model 
Y(t) = <t>* Y(t-1) + z(t) 
where <f> is a constant and z(t) is a sequence of uncorrelated shocks . 
• 
The input term usually represents the input variability of the process when the process is 
in control. No matter how well designed a process may be there is bound to be some inher-
ent variability which cannot be controlled. This variability is the cumulative effect of 
many small and essentially uncontrollable causes. In the time series model, these random 
shocks are modelled as inputs to the process. For example if the shift in the mean of the 







z'(I) • z(t) + µ 
where µ is a con1tant and represents a shift If tbe disttibudon of z(t) befme the shift bad 
occurcd was NID(O, 1) and if the magnitude of the shift was of the order of I a then tbe 
distribution of the z(t) would be NID( I, I). Now the values of the observadom would 
change to 
y'(t) • ,• y'(t-1) + z'(t) 
or 
y'(t) = ,. y'(t-1) + z(t) + µ 
The prediction tenns' behaviour can be predicted because all the interrelationships which 





<I> * y'(t-1) = cf> * y(t-1) + µ) 
y'(t) =cf>* y'(t-1)+ z'(t) 
y'(t) = cf> * y(t-1)+ µ+ z'(t) 
z'(t) = y'(t) - <I>* y'(t-1) 
It 
So. a shift in the level of the process output [y(t)] can either be due to a change in the level 
·of the input or output. A change in the level of the process due to the increase in mean of 
the error or input term leads to an increase in the level· of the process output. This can be 
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On the other hand is the change in the level of the p1ocess due to a chan,e in the level of 
the prediction tcr111 . The prediction tenn can be accurately established because all the 
intermlationships between the inputs and other factors which influence lhc process output 
are clearly known. Thcrefme · a change in the level of any one factor vis-a-vii another fac-
tor leads to a shift in the mean of the process. 
The mean of the process CQ.Uld also shift upwards. If the mean of the process did acrually 
shift its perfonnance in so far as its ability to detect the shift was also studied. This was 
done by introducing a shift in the process . The perf 0t'1nance of the charts were measured 
by the Type - I error or alpha - error and average run length. The control limits of the two 
charts were adjusted in such a manner that Type - I error was equal for both charts. So , 
for an equal alpha-error, the perforn1ance of the charts were compared by their average 
run lengths. The objective here was to see which of the two charts was able to detect a 
shift in the mean of the process faster . This meant having shorter run lengths when there 
was a shift in the mean of the process and having equivalent run lengths when there was 
no shift in the mean of the manufacturing process . The same approach was adopted for 
the first order moving average model. 
' 
3.2.0 Simulation Model : 
A simulation model was developed using Fortran. The main reason for simulation was 
., .......... ; •• •'7- • • , .... 4~~ > ' 
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ce11e1 underconsideradon. the first order aut01e11ealive or AR(I) rnodel and die 8nt 
order moving average or MA( I) model were generated using a pseudo random number 
generator and then converting them to a nonnal distribution with 11..ean O and standard 
deviation 1. This normal (0,1) genciator was then used to generate a d111e aeries 11.xleL 
For example if the model under consideration wu AR(l) then 
y(O) = 0 
y(l) =, • y(O) + Normal (0,1) 





y(n) = 4> • y(n-1) + Nonna! (0,1) 
where <f> is a constant and -1 S <f> ~ 1 . 
• 
After the generation of a time series the observations y(t), the unc~1elated shocks arc fil-
tered. The uncorrelated shocks are nothing but the normal (0,1) distribution used to gen-
erate the time series in the first place. The ref ore 
z(t) = y(t) - <t> * y(t-1) 
The residuals z(t) are then plotted on a Geometric Moving Average (OMA) chart using 
3 a limits. For the data to be plotted on a OMA chart the data is first transformed to its 
geometric moving average. 
,. GMA[z(t)] = A * z(t) + (1-A) GMA[z(t-1)] 
where A is a constant and O < A s 1 . The parameter A determines how fast one discounts 
. . 
pfstdata. The reason for choosing a OMA Chart over a Shewart control chart is because 
' 
of its ability to detect small shifts in mean faster. The upper and lower control limits for a 
, 
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OMA chan are dete1111ined u follows. 
- A 




where n =1 is the sample sii.e and hence z(t) = z (t). Since the z(t) is nmmally and inde-
pendently distributed [0,1), using the 3a limits means the probability of falsely indicat-
ing an out of control condition is equal to 0.0027 or .27% of the time. In other words the 
alpha e11or is equal to 0.0027. 
• 
However, the y(t) are conelated and they cannot be plotted using 3o limits because of the 
violation of the independence assumption leading to the control limits being either too 
narrow or too broad. This leads to many false alarms or slow detection of shifts. So it is 
proposed to set the control limits at ko such that the alpha error at this value of ka was 
equal to 0.0027. The obseravtions were plotted on a OMA chart using these limits. 
GMA[y(t)] =A* y(t) + (1-A) y(t-1) 
A, 
UCL = y(t) + kcr 
V 




The in-control alpha was determined before the occurence of a shift . A process whose 
mean has not shifted is deemed in a state of control and 
___ _ _ a = # of observations outside limts / Total # of observations -
So by changing the control limits the value of alpha could either be increased or 









dec1eased. The control limits were tet so u to yield an alpha value of 0.0027. Tbe 1lpb1 
wu based on a total of 5<XXX> observations. 
The next step wu to introduce a shift in the mean of the process to check the perf01a111nce 
of the chan in detecting shifts. As explained in the previous section, shifts in the 11>ean 
. 
could either be due to the error tenn or due to the prediction tenn. Upon introducing a shift 
to the process the observations and the uncorrelated shocks arc plotted on a GMA chart. 
If a point plotted outside the control limits the process was deemed to be out of control . 
Once an observation was found to be out of control its GMA was reset to zero meaning 
that the process was brought back to an in control state. The same process was then 
repeated. The number of observations between two out of control points was taken as the 
run length. This was carried on repetitively until 1000 out of control observations were 
detected. As stated earlier, each time a point plotted outside the control limits the OMA 
' 
of that observation was reset to zero. Funher observations were plotted and the entire pro-
cess was repeated. The values for run lengths were averaged to obtain the average run 
length. 
3.3.0.Factors : 
Several factors were cmtsidered for the purposes of simulation to study this approach 
under different environments. 
,-. 
, •... -~r ... -·. 3.3.1.Time Series Models: . . ........ 
• 
Two time series models were considered They were the first order autoregressive or 









3.3.2.ARIMA Model Para11N?ten: 
Two time series models namely the AR(l) model~ the MA(I) model wae used. Bach 
model was tested at diffe1ent levels of the model coefficienL This factor bad nine level• 
from 0.9, 0.7,0.5,0.3, .... -0.5,-0.7. 
3.3.3.Geometrlc Moving Average Parameter: 
f 
The geometric moving average parameter A determines how fast one discounts past data. 
A value of 1 would reduce the OMA chan to a Shcwan control chan . Three levels were 
tried. They were 0.25, 0.50 and 0.75. 
3.3.4.Shifts : 
The level of shift in the mean of the process was another imponant factor. This factor had 
six levels. They were Oa, O.Sa,1 a, 2a, 3a and 4a. The values of a were determined V 
using simulation. 
3.4.0 Perf or111ance Measures : 
The most important performance measure is the average run length . Run length is the 
number of points or observations plotted between two consecutive out of control points. 
Several run lengths are averaged to obtain the average run length. The average run lengths 
for charts plotted with the observations [y(t)] and for charts plotted with the uncorrelated 
shocks [z(t)] are compared to test the performance of the proposed approach of using the 
. uncorrelated shocks to detect the shift in mean of the process rather than using the corre-
• 
lated observations. The two charts are compared on an equal footing because the control 
limits are set such that the alpha levels for both charts are the same. Therefore for equal 
.. 
•• )- •' I , r ... .. o -
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• 
alpha the chart which detec11 a shift in the mean ruter i1 obviomly bener. In other wonll 
the chan which hu a sh0t1er run length for a shift in the 01ean of the process and longer 
run length when there is no shift is more desirable . 
The two time series models namely the first order auto ~grcssive and moving average 
mcxlels were simulated extensively under different environments.The different environ-
ments were created by changing the levels of different factors. For example for a geomet-
ric moving average parameter of A = 0.25, nine levels of correlation co-efficient from -
0.7 to+ 0.9 and six levels of the shift in the mean from Oa to 40' means a total of 54 runs . 
.,., 
The same experiments were carried out for different values of A (0.25, 0.50, 0.70 ). The 
whole set of 162 runs ( 54 x 3) were repeated for the two types of shifts ( Error or Predic-
tion term) and for each time series model (AR(l) & MA(l) ). 
3.6.0. Results : 
The results are shown in Tables 1 - 4. These tables show the control limit factors used for 
plotting GMA[y's], correlation co-efficient, the mean and standard deviation of the cor-
related observations and the uncorrelated shocks both before and after the shift , the in 
control alpha for charts plotting both the observations and the residuals , the average run ~ 
• '. ,1;_:__ 
" 
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TABLE 1 
MA(l) Model 
********** CONTROL LIMIT FACTOR FOR Zs• 2.97********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE INPUT 
ALPHAY•ALPHAZ•0.0027 
LAMBDA• 0.25 GEOMETRIC MOVING AVERAGE CHART 
' 
--------------------------------------------------------------------------------------------------------ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT 
Limit **BEFORE SHIFT HAS OCCURED** ***AFTER THE SHIFT HAS OCCURED*** 
--------------------------------------------------------------------------------------------------------
0.9 1.585 0.00 0.00 1.35 1.00 0.0 370.37 370.37 
0.00 1.35 0.00 1.00 
0.9 1.585 0.00 0.00 1.35 1.00 0.5 301.20 46.31 
0.05 1.35 0.50 1.00 
0.9 1.585 0.00 0.00 1.35 1.00 1.0 233.64 10.75 
0.10 1.35 1.00 1.01 
0.9 1.585 0.00 0.00 1.35 1.00 2.0 90.91 3.57 
0.20 1.35 2.00 1.02 
0.9 1.585 0.00 0.00 1.35 1.00 3.0 42.51 2.22 
0.30 1.35 3.01 1.02 
0.9 1.585 0.00 0.00 1.35 1.00 4.0 23.13 1.72 
0.40 1.35 4.02 1.03 
0.7 1.680 0.00 0.00 1.22 1.00 0.0 370.37 370.37 
0.00 1.22 0.00 1.00 
0.7 1.680 0.00 0.00 1.22 1. -00 0.5 140.45 46.31 
0.15 1.22 0.50 1.00 
0.7 1.680 0.00 0.00 1.22 1.00 1.0 41.12 10.75 
0.30 1.22 1.00 1.01 
0.7 1.680 0.00 0.00 1.22 1.00 2.0 10.80 3.57 
0.60 1.22 2.00 1.02 
0.7 1.680 0.00 0.00 1.22 1:00 3.0 5.96 2.22 
0.90 1.24 3.01 1.02 
0.7 1.680 0.00 0.00 1.22 1.00 4.0 4.20 1.72 
1.20 1.25 4.02 1.03 
0.5 1.910 0.00 0.00 1.12 1.00 0.0 364.96 370.37 
0.00 1.12 0.00 1.00 
0.5 1.910 0.00 0.00 1.12 1.00 0.5 68.31 46.31 
0.25 1.12 0.50 1.00 
0.5 1.910 0.00 0.00 1.12 1.00 1.0 17.49 10.75 
0.50 1.12 1.00 1.01 
0.5 1.910 0.00 0.00 1.12 1.00 2.0 5.66 3.57 
1.00 1.14 2.00 1.02 
0.5 1.910 0.00 0.00 1.12 1.00 3.0 3.42 2.22 
1.50 1.15 3.01 1.02 
0.5 1.910 0.00 0.00 1.12 1.00 4.0 2.49 1.72 
2.00 1.16 4.02 1.03 
0.3 2.290 0.00 0.00 1.04 1.00 0.0 373.13 370.37 
0.00 1.04 0.00 1.00 
0.3 2.290 0.00 0.00 1.04 1.00 0.5 51.23 46.31 
0.35 1.04 0.50 1.00 
0.3 2.290 0.00 0.00 1.04 1.00 1.0 12.74 10.75 
0.70 1.05 1.00 1.01 
0.3 2.290 0.00 0.00 1.04 1.00 2.0 4.30 3.57 
1.40 1.07 2.00 1.02 
0.3 2.290 0.00 0.00 1.04 1.00 3.0 2.62 2.22 
2.10 1.08 3.01 1.02 
0.3 2.290 0.00 0.00 1.04 1.00 4.0 1.96 1.72 
2.82 1.08 4.02 1.03 
0.1 2.725 0.00 0.00 1.01 1.00 0.0 367.65 370.37 
0.00 1.01 .. 0 .• 00 1.00 
0.1 2.725 0.00 0.00 1.01 1.00 0.5 45.98 46.31 
0.45 1.01 0.50 1.00 
0.1 2.725 0.00 0.00 1.01 1.00 1.0 .10.93 10.75 
0.90 1.01 1.00 1.01 
.o .1 2.725 __ O. 00 . _ .. D .'·00~ 1.01 .1. 00 ... "'l\ ·O . 3.71 3.57 1.80 
1.03 2.00 1.02 
. . 
0.1 2.725 0.00 0.00 1.01 1.00 3.0 2.31 2.22 
2.70 1.03 3.01 1.02 
0.1 2.725 0.00 0.00 1.01 1.00 4.0 1.76 1.72 







--------------------------------------------------------------------------------------------------------THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT 
Limit **BEFORE SHIFT HAS OCCURED** 
ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z 
***AFTER THE SHIFT HAS OCCURED*** 
--------------------------------------------------------------------------------------------------------
-0.1 3.160 0.00 0.00 1.01 1.00 0.0 373.13 370.37 0.00 1.01 0.00 1.00 
. 
-0.1 3.160 0.00 0.00 1.01 1.00 0.5 44.09 46.31 0.55 1.01 0.50 1.00 
-0.1 3.160 0.00 0.00 1.01 1.00 1.0 10.30 10.75 1.10 1.01 1.00 1.01 
-0.1 3.160 0.00 0.00 1.01 1.00 2.0 3.42 3.57 2.19 1.03 2.00 1.02 
-0.1 3.160 0.00 0.00 1.01 1.00 3.0 2.16 2.22 3.31 1.03 3.01 1.02 
-0.1 3.16C 0.00 0.00 1.01 1.00 4.0 1.66 1.72 4.42 1.03 4.02 1.03 
-0.3 3.460 0.00 0.00 1.05 1.00 0.0 367.65 370.37 0.00 1.05 0.00 1.00 
-0.3 3.460 0.00 0.00 1.05 1.00 0.5 42.20 46.31 0.65 1.05 0.50 1.00 
-0.3 3.460 0.00 0.00 1.05 1.00 1.0 9.78 10.75 1.31 1.05 1.00 1.01 
/ 3.460 0.00 0.00 1.05 1.00 2.0 3.30 3.57 2.58 1.06 2.00 1.02 
-0.3 
-0.3 3.460 0.00 0.00 1.05 1.00 3.0 2.08 2.22 3.92 1.05 3.01 1.02 
-0.3 3.460 0.00 0.00 1.05 1.00 4.0 1.57 1.72 5.22 1.06 · 4. 02 1.03 
-0.5 3.650 0.00 0.00 1.12 1.00 0.0 370.37 370.37 0.00 1.12 0.00 1.00 
-0.5 3.650 .o. 00 0.00 1.12 1.00 0.5 40.87 46.31 0.75 1.12 0.50 1.00 
-0.5 3.650 o·. oo 0.00 1.12 1.00 1.0 9.50 10.75 1.51 1.13 1.00 1.01 
-0.5 3.650 0.00 0.00 1.12 1.00 2.0 3.20 3.57 2.98 1.14 2.00 1.02 
-0.5 3.650 0.00 0.00 1.12 1.00 3.0 2.04 2.22 4.53 1.13 3.01 1.02 
-0.5 3.650 · 0. 00 0.00 1.12 1.00 4.0 1.50 1.72 6.02 1.12 4.02 1.03 
-0.7 3.780 0.00 0.00 1.22 1.00 0.0 373.13 370.37 0.00 1.22 0.00 1.00 
-0.7 3.780 0.00 0.00 1.22 1.00 0.5 41.52 46.31 0.85 1.22 0.50 1.00 
-0.7 3.780 0.00 0.00 1.22 1.00 1.0 9.64 10.75 1.71 1.23 1.00 1.01 
-0.7 3.780 0.00 0.00 1.22 1.00 2.0 3.18 3.57 3.38 1.24 2.00 1.02 
-0.7 3.780 0.00 0.00 1.22 1.00 3.0 2.03 2.22 5.13 1.22 3.01 1.02 
-0.7 3.780 0.00 0.00 1.22 1.00 4.0 1.49 1.72 6.82 1.22 4.02 1.03 
·-
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MA (1) Model 
********** CONTROL LIMIT FACTOR FOR Zs• 2.97********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE OUTPUT 
ALPHAYmALPHAZ•0.0027 
LAMBDA• 0.25 GEOMETRIC MOVING AVERAGE CHA.RT 
I 
--------------------------------------------------------------------------------------------------------
THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT ARLY 
ARLZ Av.Y Av.Z Sd.Y Sd.Z 
Limit **BEFORE SHIFT HAS OCCURED** 
***AFTER THE SHIFT HAS OCCURED*** 
----------------------------------------------------------------------------------------------------------
0.9 1.585 0.00 0.00 1.35 1.00 0.0 
370.37 370.37 0.00 1.35 0.00 1.00 
0.9 1.585 0.00 0.00 1.35 1.00 0.5 
15.08 1.32 0.50 1.35 5.01 1.02 
0.9 1.585 0.00 0.00 1.35 1. o.o 1.0 
5.40 1.00 1.00 1.37 9.98 1.01 
0.9 1.585 0.00 0.00 1.35 1.00 2.0 
2.52 1.00 2.00 1.40 19.99 1.01 
0.9 1.585 0.00 0.00 1.35 1.00 3.0 
1.72 1.00 3.00 1.40 30.00 1.01 
0.9 1.585 0.00 0.00 1.35 1.00 4.0 
1.35 1.00 4.00 1.38 40.01 1.01 
0.7 1.680 0.00 0.00 1.22 1.00 0.0 
370.37 370.37 0.00 1.22 0.00 1.00 
0.7 1.680 0.00 0.00 1.22 1.00 0.5 
14.61 4.61 0.50 1.22 1.67 1:01 
0.7 1.680 0.00 0.00 1.22 1.00 1.0 
5.25 2.03 1.00 1.25 3.35 1.02 
0.7 1.680 0.00 0.00 1.22 1.00 2.0 
2.40 1.02 2.00 1.27 6.65 1.02 
0.7 1.680 0.00 0.00 1.22 1.00 3.0· 
1.64 1.00 3.01 1.27 9.98 1.01 
0., 1.680 0.00 0.00 1.22 1.00 4.0 
1.29 1.00 4.00 1.25 13.32 1.01 
0.5 1.910 0.00 0.00 1.12 1.00 0.0 
364.96 370.37 0.00 1.12 0.00 1.00 
0.5 1.910 0.00 0.00 1.12 1.00 0.5 
17.49 10.77 0.50 1.12 1.00 1.01 
0.5 1.910 0.00 0.00 1.12 1.00 1.0 
5.66 3.57 1.00 1.14 2.00 1.02 
' 
0.5 1.910 0.00 0.00 1.12 1.00 2.0 
2.49 1.72 2.00 1.16 4.02 I.03 
0.5 1.910 0.00 0.00 1.12 1.00 3.0 
1.70 1.08 3.01 1.16 5.99 1.02 
0.5 1.910 0.00 0.00 1.12 1.00 4.0 
1.29 1.00 4.00 1.14 7.98 1.01 
0.3 2.290 0.00 0.00 1.04 1.00 0.0 
373.13 370.37 0.00 1.04 0.00 1.00 
0.3 2.290 0.00 0.00 1.04 1.00 0.5 
24.46 21.34 0.50 1.05 0.71 1.01 
0.3 2.290 0.00 0.00 1.04 1.00 1.0 
6.77 5.79 1.01 1.06 1.43 1.02 
0.3 2.290 0.00 0.00 1.04 1.00 2.0 
2.78 2.35 2.00 1.08 2.87 1.03 
0.3 2.290 0.00 0.00 1.04 1.00 3.0 
1.85 1.59 3.02 1.07 4.30 1.03 
0.3 2.290 0.00 0.00 1.04 1.00 4.0 
1.40 1.12 4.01 1.06 5.70 1.02 
0.1 2.725 0.00 0.00 1.01 1.00 0.0 
367.65 370.37 0.00 1.01 0.00 1.00 
0.1 2.725 0.00 0.00 1.01 1.00 0.5 
36.58 36.75 0.50 1.01 .0.55 1.01 
0.1 2.725 0.00 0.00 1.01 
,- 1. 00 1.0 ·9. 01 8.78 1.01 1.02 1.12 1.01 
0.1 2.725 0.00 0.00 1.01 1.00 2.0 
3 . 2"3"" •• 1'" · 3.13 1.99 1.03 2.21 1.02 
0.1 2.725 0.00 0.00 1.01 1.00 3. o· 
2.07 2.03 3.02 1.03 3.35 1.02 
0.1 2.725 0.00 0.00 1.01. 1.00 4.0 








THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT 
Limit **BEFORE SHIFT HAS OCCURED** 
ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z 
***AFTER THE SHIFT HAS OCCURED*** 
----------------------------------------------------------------------------------------------------------
-0.1 3.160 0.00 0.00 1.01 1.00 0.0 373.13 370.37 0.00 1.01 0.00 
1.00 
-0.1 3 .160 0.00 0.00 1.01 1.00 0.5 53.71 55.68 0.50 1.01 0.45 
1.00 
-0.1 3.160 0.00 0.00 1.01 1.00 1.0 12.31 12.81 1.00 1.01 0.91 
1.01 
-0.1 3.160 0.00 0.00 1.01 1.00 2.0 3.96 4.14 2.00 1.03 1.81 
1.02 
-0.1 3.160 0.00 0.00 1.01 1.00 3.0 2.38 2.48 3.01 1.03 2.73 
1.03 
-0.1 3.160 0.00 0.00 1.01 1.00 4.0 1.82 1.87 4.03 1.03 3.67 
1.02 
-0.3 3.460 0.00 0.00 1.05 1.00 0.0 367.65 370.37 0.00 1.05 0.00 
1.00 
-0.3 3.460 0.00 0.00 1.05 1.00 0.5 70.62 75.53 0.50 1.05 0.38 
1.00 
-0.3 3.460 0.00 0.00 1.05 1.00 1.0 16.67 18.29 1.00 1.05 0.76 
1.01 
-0.3 3.460 0.00 0.00 1.05 1.00 2.0 4.73 5.14 2.00 1.06 1.54 
1.02 
-0.3 3.460 0.00 0.00 1.05 1.00 3.0 2.73 2.98 3.00 1.07 ' 
2.30 1.03 
-0.3 3.460 0.00 0.00 1.05 1.00 4.0 2.04 2.17 4.02 1.05 3.09 
1.02 
-0.5 3.650 0.00 0.00 1.12 1.00 0.0 370.37 370.37 0.00 1.12 
0.00 1.00 
-0.5 3.650 0.00 0.00 1.12 1.00 0.5 87.87 97.66 0.50 1.12 
0.33 1.00 
-0.5 3.650 0.00 0.00 1.12 1.00 1.0 22.71 24.98 0.99 1.13 
0.66 1.01 . 
-0.5 · 3. 650 0.00 0.00 1.12 · 1.00 2.0 5.69 6.38 2.01 1.13 
1.34 • 1.01 
-0.5 3.650 0.00 0.00 1.12 1.00 3.0 3.21 3.57 2.98 1.14 
2.00 1.02 
-0.5 3.650 0.00 0.00 1.12 1.00 4.0 2.30 2.54 4.01 1.13 
2.67 1.03 
-0.7 3.780 0.00 0.00 1.22 1.00 0.0 373.13 370.37 0.00 1.22 
0.00 1.00 
-0.7 3.780 0.00 0.00 1.22 1.00 0.5 111.86 116.55 0.50 1.22 
0.29 1.00 
-0.7 3.780 0.00 0.00 1.22 1.00 1.0 29.51 32.74 1.00 1.23 
0.59 1.01 
-0.7 3.780 0.00 0.00 1.22 1.00 2.0 6.98 7.80 2.02 1.24 
1.19 1.02 
-0.7 3.780 0.00 0.00 1.22 1.00 3.0 3.74 4.26 3.00 1.24 
1.76 1.02 









********** CONTROL LIMIT FACTOR FOR Zs• 2.97********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE INPUT 
ALPHAY•ALPHAZ•0.0027 
LAMBDA• 0.25 GEOMETRIC MOVING AVERAGE CHART 
I 
--------------------------------------------------------------------------------------------------------
THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z 
Limit **BEFORE SHIFT HAS OCCURED** ***AFTER THE SHIFT HAS OCCURED*** 
----------------------------------------------------------------------------------------------------------
0.9 5.720 -.01 0.00 2.33 1.00 0.0 362.32 
370.37 -0.01 2.33 0.00 1.00 
0.9 5.720 -.01 0.00 2.33 1.00 0.5 10.66 
46.31 5.01 2.37 0.50 1.00 
0.9 5.720 -.01 0.00 2.33 1.00 1.0 3.02 
10.75 9.89 2.27 1.00 1.01 
0.9 5.720 -.01 0.00 2.33 1.00 2.0 1.41 
3.57 20.06 2.19 2.00 1.02 
0.9 5.720 -.01 0.00 2.33 1.00 3.0 1.00 
2.22 29.76 2.12 3.01 1.02 
0.9 5.720 -.01 0.00 2.33 1.00 4.0 1.00 
1.72 39.77 2.12 4.02 1.03 
0.1 4.880 0.00 0.00 1.41 1.00 0.0 367.65 
370.37 0.00 1.41 0.00 1.00 
0.7 4.880 0.00 0.00 1.41 1.00 0.5 26.92 
46.31 1.66 1.43 0.50 1.00 
0.7 4.880 0.00 0.00 1.41 1.00 1.0 6.01 
10.75 3.35 1.42 1.00 1.01 
0.7 4.880 0.00 0.00 1.41 1.00 2.0 
2.26 3.57 6.69 1.39 2.00 1.02 
0.1 4.880 0.00 · 0. 00 1.41 1.00 3.0 1.55 
2.22 10.04 1.39 3.01 1.02 
\ 0.7 4.880 0.00 0.00 1.41 1.00 4.0 1.01 
1.72 13.25 1.36 4.02 1.03 
0.5 4.180 0.00 0.00 1.16 1.00 0.0 367.65 
370.37 0.00 1.16 0.00 1.00 
0.5 4.180 0.00 0.00 1.16 1.00 0.5 35.28 
46.31 1.00 1.17 0.50 1.00 
0.5 4.180 0.00 0.00 1.16 1.00 1.0 7.87 
10.75 2.03 1.18 1.00 1.01 
0.5 4.180 0.00 0.00 1.16 1.00 2.0 2.72 
3.57 4.00 1.18 2.00 1.02 
0.5 4.180 0.00 0.00 1.16 1.00 3.0 1.86 
2.22 6.05 1.17 3.01 1.02 
0.5 4.180 0.00 0.00 1.16 1.00 4.0 1.24 
1.72 8.01 1.16 4.02 1.03 
0.3 3.630 0.00 0.00 1.05 1.00 0.0 373.13 
370.37 0.00 1.05 0.00 1.00 
0.3 3.630 0.00 0.00 1.05 1.00 0.5 40.37 
46.31 0.71 1.05 0.50 1.00 
0.3 3.630 0.00 0.00 1.05 1.00 1.0 9.15 
10.75 1.44 1.06 1.00 1.01 
0.3 3.630 0.00 0.00 1.05 1.00 2.0 3.11 
3.57 2.84 1.07 2.00 1.02 
0.3 3.630 0.00 0.00 1.05 1.00 3.0 2.01 
2.22 4.31 1.06 3.01 1.02 
0.3 3.630 0. 00 . 0.00 1.05 1.00 4.0 1.48 
1.72 5.73 1.05 4.02 1.03 
0.1 3.170 0.00 0.00 1.01 1.00 0.0 370.37 
370.37 0.00 1.01 0.00 1.00 
0.1 3.170 0.00 0.00 1.01 1.00 0.5 43.70 
46.31 0.55 1.01 0. 50 · 1.00 
0.1 3·.170 0.00 0.00 1.01 1.00 1.0 10.20 
10.75 1.11 1. 01· 1.00 1.01 
0,-1· 3-.170 0.00 0.00 1.01 1.00 2.0 3. 39 . 
3.57 2.21 1.03 2.00 1.02 
... 
0.1 3.170 0.00 0.00 1.01 1.00 3.0 
2.14 2.22 3.35 1.03 3.01 1.02 
0.1 3.170 0.00 0.00 1.01 1.00 4.0 















THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT ARLY ARLZ Av.Y Av.Z Sd.Y
 Sd.Z 




-0.1 2.730 0.00 0.00 1.01 1.00 0.0 362.32 370.37 0.00 1.0
1 0.00 1.00 
-0.1 2.730 0.00 0.00 1.01 1.00 0.5 44.78 46.31 0.45 1
.01 0.50 1.00 
-0.1 2.730 0.00 0.00 1.01 1.00 1.0 10.73 10.75 0.91 1.01
 1.00 1.01 
-0.1 2.730 0.00 0.00 1.01 1.00 2.0 3.66 3.57 1.82 1
.03 2.00 1.02 
-0.1 2.730 0.00 0.00 1.01 1.00 3.0 2.29 2.22 2.73 1
.03 3.01 1.02 
-0.1 2.730 0.00 0.00 1.01 1.00 4.0 1.75 1.72 3.66 1.0
4 4.02 1.03 
-0.3 2.340 0.00 0.00 1.05 1.00 0.0 362.32 370.37 0.00 1.0
5 0.00 1.00 
-0.3 2.340 0.00 0.00 1.05 1.00 0.5 45.79 46.31 0.38 1.05
 0.50 1.00 
-0.3 2.340 0.00 0.00 1.05 1.00 1.0 11.40 10.75 0.77 1.05
 1.00 1.01 
-0.3 2.340 0.00 0.00 1.05 1.00 2.0 3.94 3.57 1.54 1.
08 2.00 1.02 
-0.3 2.340 0.00 0.00 1.05 1.00 3.0 2.45 2.22 2.31 1.0
9 3.01 1.02 
-0.3 2.340 0.00 0.00 1.05 1.00 4.0 1.85 1.72 3.10 1.
08 4.02 1.03 
-0.5 2.000 0.00 0.00 1.16 1.00 0.0 362.32 370.37 0.00 
1.16 0.00 1.00 
-0.5 2.000 0.00 0.00 1.16 1.00 0.5 49.93 46.31 0.33 1.1
6 0.50 1.00 
-0.5 2.000 0.00 0.00 1.16 1.00 1.0 12.82 10.75 0.67 
1.16 1.00 1.01 
-0.5 2.000 0.00 0.00 1.16 ·1.00 2.0 
. 4.31 3.57 1.33 1.19 2.00 1.02 
-0.5 2.000 0.00 0.00 1.16 1.00 3.0 2.66 2.22 2.00 
1.21 3.01 1.02 
-0.5 2.000 0.00 0.00 1.16 1.00 4.0 1.99 1.72 2.68 1
.21 4.02 1.03 
-0.7 1.705 0.00 0.00 1.41 1.00 0.0 364.96 370.37 0.00 
1.41 0.00 1.00 
-0.7 1.705 0.00 0.00 1.41 1.00 0.5 66.84 46.31 0.29 
1.41 0.50 1.00 
-0.7 1.705 0.00 0.00 1.41 1.00 1.0 16.68 10.75 0.59 
1.41 1.00 1.01 
-0.7 1.705 0.00 0.00 1.41 1.00 2.0 5.22 3.57 1.18 
1.44 2.00 1.02 
-0.7 1.705 0.00 0.00 1.41 1.00 3.0 3.21 2.22 1.76 
1.45 3.01 1.02 
-0.7 1.705 0.00 0.00 1.41 1.00 4.0 2.31 1.72 2.36 









********** CONTROL LIMIT FACTOR FOR Zs• 2.97********** 
***** SHIFT IN MEAN DUE TO A STEP CH.ANGE IN THE OUTPUT 
ALPHAY-ALPHAZ~0.0027 




THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z 







0.9 5.720 -.01 0.00 2.33 1.00 0.0 362.32 370.37 -0.01 2.33 0.00 1.00 
0.9 5.720 -.01 0.00 2.33 1.00 0.5 294.12 396.83 0.49 2.33 0.05 1.00 
0.9 5.720 -.01 0.00 2.33 1.00 1.0 202.43 342.47 0.99 2.33 0.10 1.00 
0.9 5.720 -.01 0.00 2.33 1.00 2.0 77.64 183.15 1.99 2.33 0.20 1.00 
0.9 5.720 -.01 0.00 2.33 1.00 3.0 34.71 110.38 2.98 2.34 0.30 1.00 
0.9 5.720 -.01 0.00 2.33 1.00 4.0 17.87 70.22 3.96 2.38 0.40 1.00 
0.7 4.880 0.00 0.00 1.41 1.00 0.0 367.65 370.37 0.00 1.41 0.00 1.00 
.,.. 0. 7 4.880 0.00 0.00 1.41 1.00 0.5 212.77 261.78 0.50 1.41 0.15 1.00 
0.7 4.880 0.00 0.00 1.41 1.00 1.0 78.37 110.38 1.00 1.41 0.30 1.00 
0.7 4.880 0. 00 f 0.00 1.41 1.00 2.0 18.04 30.81 1.99 1.43 0.60 1.01 
0.7 4.880 0.00 0.00 1.41 1.00 3.0 .
 7.36 13.02 3.04 1.4'3 0.90 1.01 
0.7 4.880 0.00 0.00 1.41 1.00 4.0 4.39 7.56 4.00 1.41 1.21 1.02 
0.5 4.180 0.00 0.00 1.16 1.00 0.0 367.65 370.37 0.00 1.16 0.00 1.00 
0.5 4.180 0.00 0.00 1.16 1.00 0.5 124.69 139.66 0.50 1.16 0.25 1.00 
0.5 4.180 0.00 0.00 1.16 1.00 1.0 35.28 46.31 1.00 1.17 0.50 1.00 
0.5 4.180 0.00 0.00 1.16 1.00 2.0 7.87 10.75 2.03 1.18 1.00 1.01 
0.5 4.180 0.00 0.00 1.16 1.00 3.0 3.98 5.30 2.99 1.17 1.51 1.02 
0.5 4.180 0.00 0.00 1.16 1.00 4.0 2.72 3.57 4.00 1.18 2.00 1.02 
0.3 3.630 0.00 0.00 1.05 1.00 0.0 373.13 370.37 0.00 1.05 0.00 1.00 
0.3 3.630 0.00 0.00 1.05 1.00 0.5 79.49 90.25 0.50 1.05 0.35 1.00 
0.3 3.630 0.00 0.00 1.05 1.00 1.0 19.47 22. 7i 0.99 1.06 0.69 1.01 
0.3 3.630 0.00 0.00 1.05 1.00 2.0 5.09 5.93 2.00 1.06 1.40 1.02 
0.3 3.630 0.00 0.00 1.05 1.00 3.0 2.94 3.36 2.99 1.07 2.09 1.02 
0.3 3.630 0.00 0.00 1.05 1.00 4.0 2.13 2.39 4.02 1.06 2.81 1.03 
0.1 ·3 .17·0 0.00 0.00 1.01 1.00 0.0 370.37 370.37 0.00 1.01 0.00 1.00 
0.1 3.170 0.00 0.00 1.01 1.00 0.5 54.11 56.82 0.50 1.01 0.45 1.00 
0.1 3.170 0.00 0.00 1.01 1.00 1.0 12.35 13.02 1.00 1.01 0.90 1.01 
0.1 3.170 0.00 0.00 1.01 1.00 2.0 4.00 4.19 1.99 1.02 1.79 1.02 
0.1 3.170 0.00 · 0. 00 1.01 1.00 3.0 2.39 2.51 3.01 1.03 2.70 1.03 










THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT 
Limit **BEFORE SHIFT HAS OCCURED** 
ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z 
***AFTER THE SHIFT HAS OCCURED*** 
----------------------------------------------------------------------------------------------------------
-0.1 2.730 0.00 0.00 1.01 1.00 0.0 
362.32 370.37 0.00 1.01 0.00 1.00 
-0.1 2.730 0.00 0.00 1.01 1.00 0.5 
36.49 37.51 0.50 1.01 0.55 1.00 
-0.1 2.730 0.00 0.00 . 1. 01 1.00 1.0 
9.03 8.95 1.01 1.02 1.11 1.01 
-0.1 2.730 0.00 0.00 1.01 1.00 2.0 
3.25 3.17 1.99 1.03 2.19 1.02 
-0.1 2.730 0.00 0.00 1.01 1.00 3.0 
2.08 2.04 3.02 1.03 3.32 1.02 
-0.1 2.730 0.00 0.00 1.01 1.00 4.0 
1.59 1.54 4.01 1.03 4.41 1.02 
-0.3 2.340 0.00 0.00 1.05 1.00 0.0 
362.32 370.37 0.00 1.05 0.00 1.00 
-0.3 2.340 0.00 0.00 1.05 1.00 0.5 
26.26 26.28 0.50 1.05 0.65 1.01 
-0.3 2.340 0.00 0.00 1.05 1.00 1.0 
7.10 6.66 1.01 1.07 1.31 1.01 
-0.3 2.340 0.00 0.00 1.05 1.00 2.0 
2.85 2.61 2.00 1.09 2.60 1.02 
-0.3 2.340 0.00 0.00 1.05 1.00 3.0 
1.89 1.75 3.02 1.08 3.92 1.03 ' 
-0.3 2.340 0.00 0.00 1.05 1.00 4.0 
1.46 1.24 4.01 1.07 5.21 1.01 
-0. 5· '2. 0 0 0 0.00 0.00 1.16 1.00 0.0 
362.32 370.37 0.00 1.16 0.00 1.00 
-0.5 2.000 0.00 0.00 1.16 1.00 0.5 
22.39 19.45 -0. 50 1.16 0.75 1.01 
-0.5 2.000 0.00 0.00 1.16 1.00 1.0 
6.40 5.30 1.01 1.18 1.51 1.02 
-0.5 2.000 0.00 0.00 1.16 1.00 2.0 
2.66 2.22 . 2.00 1.21 3.01 1.02 
-0.5 2.000 0.00 0.00 1.16 1.00 3.0 
1.84 1.51 3.02 1.20 4.52 1.01 
-0.5 2.000 0.00 0.00 1.16 1.00 4.0 
1.44 1.08 4.01 1.19 5.99 1.02 
-0.7 1.705 0.00 0.00 1.41 1.00 0.0 
364.96 370.37 0.00 1.41 0.00 1.00 
-0.7 1.705 0.00 0.00 1.41 1.00 0.5 
24.07 14.52 0.50 1.41 0.85 1.00 
-0.7 1.705 0.00 0.00 1.41 1.00 1.0 
6.60 4.44 1.00 1.43 1.70 1.02 
-0.7 1.705 0.00 0.00 1.41 1.00 2.0 
2.75 1.98 2.00 1.47 3.42 1.02 
-0.7 1.705 0.00 0.00 1.41 1.00 3.0 
1.91 1.27 3.02 1.49 5.11 1.01 
-0.7 1.705 0.00 0.00 1.41 1.00 4.0 
1.55 1.02 4.01 1.46 6.78 1.02 
' ' ........ ;·''?--J ~--
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3.6.L MA(l) Model • Shift In Mean due to Input : 
L 
'lbe quality characteristic is model.led u 
.· .,,, 
y(t) = z(t) - 8 • z(t-1) 
where 8 is a constant and z(t) - NID (0,1). 
If the shift in the mean of the process is due to the inc1ease in the input 11.ean of the process 
then 
z'(t) = z(t) + µ .. 
and 
z'(t) - NID (µ , 1) 
So 
' 
y'(t) = z'(t) - 8 * z'(t-1) 
But we know that z'(t) - NID (µ , 1) and 8 * z'(t-1) - NID (µ0, 1). Since y (t) is co11e-
. 
lated its distribution is determined by simulation . Upon simulation the steady state mean 
of the y(t) will be(µ (1-9)) and will achieve this value on the second sample following 
the shift Its standard deviation o will remain unchanged in the steady state. For example 
V 
for 9 = 0.7 and a shift of µ=4.0 in the z's transforms the distribution of z's from NID(O,l) 
to NID(4,l) [See Figure-1 & Table-1]. This results in the transformation of the distribu-
tion ofy(t) from (Mean= 0.0, S.D. = 1.22) before the shift to (1.2,1.22) after the shift [See 
.· .Fi~-2 & Table-1]. From this it can be seen that a 4o shift in·z(t) produces approxi-
. 'i. ~. ' ' 
. . 
mately a lo v shift in y(t). However the control limits for the charts are not the same. The 
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Pap35 
aled for the cban to plot the z'1 a value of k•l.68 i1 ulCd when plotting the y'1 ror ddl 
example . At these values of k the probability of generating a f alsc alann is the same fm 
both the charts. The z chan have broader control limits than y chan and the ratio of the 
• 
control limits vis-a-vis the ratio of the magnitude of the shifts in tClms of standard devia-
tion units is an imponant point to consider. For example 
Shift in z's / Shift in y's = 4a I 1 a == 4.0 
Control Limit factor ratio = 2.97 /1.68 = 1.75 
Since 4.0 >> 1.75 it can be guessed that inspite of the broader control limits for z's they 
'"' 
can detect the shifts faster because the ratio of the shifts is much higher than the ratio of 
the control limits. In other words it can be seen why the average run lengths are smaJler 
for the z's than for the y's. This explains why plotting the residuals leads to a faster detec-
tion of the shift in the mean due to the input. Of course since the y 's are cm1ela~ this 
argument does not constitute a proof. However, the simulation results agree closely with 
this intuitive analysis. These results are further illustrated by the figures which plot the 
values of y and z before and after the shift in the mean of the process. The shift in the z's 
is more pronounced relative to the variability than the shift in the y's and so the probability 
of detecting a shift is higher . The variance of the z 's is also lower than the y 's. If however 
0 = -0.7 then 4a shift in z(t) [See Figure-I & Table-1] produces a 6.8a [µ (1-8)] shift V 
1 
in y(t) [See Figure-3& Table-1]. Here again, the control limits are different. 
.. 
Shift in y's / Shift in z's = 5.7 a I 4a = 1.4 






















































3.6.2 MA(l) Model • Shift In Mean due to lncreaae In proce111 outpat: 
The quality characteristic is modelled u 
y(t) = z(t) - 8 • z(t-1) 
r~ 
where 8 is a constant and z(t)- NID (0,1) and the distribution of the y's upon simulation 
is a mean of O and standard deviation a . This is before a shift V 
. 
• 
Suppose that a shift in mean ocurs at the output. That is, for a shift of µ, the output can 
be expressed as 
y(t) =z'(t) - 8 • z'(t-1) + µ(t) 
z(t) - NID (O,a2) 
Let t0 denote the time of the shift so that 
µ(t) = 0 when t < t0 
µ(t) = µ when t > t0 
The values of z to be plotted on the control chart are calculated from the filtered observa-
tions. Let z'(t) denote the filtered output. The effect of the shift on the mean of z'(t) can 
be calculated as follows : 
E[z'(t0 - 1)] = 0 
·- -..._ . ' .. ' ..•. '- .. . '· " . . ' 
'-. ",;. • ., - l, ,• • • -,. ' •, I ' . ' • ' •. -. , (' ' 
' ,.. ' ' ' j ... > ,. "' ) ' • ~ ' • E(z'(t0)] = 8* E[z'(to - 1)] +.E[y(t0)] = µ 
E[z'(t0 + 1)] = 0 * E[z'(t0)] + µ = (1+0) µ 
I 
,; " ... ' 
E[z'(t0 + 2)] = 8 * E[z'(t0 + 1 )] + µ = (1+8+82) µ 
k 
E[z'(t0 + k)] =µ L 9k 
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Pap38 
In 11eady state u k goes to infinity. the nan of the z's approacbes ( 1 ~ 8) . 
For example, an MA(l) process with 8 • 0.7 and a 4.0 shift in n>ean at the output will 
produce a str.ady state shift of 13.32 in the z's. Upon simulation the distribution of the y'1 
have transfm nied from (O, I .22) to a diltribudon for a shift in mean =4.0 and standard 
.. 
deviation= 1.22 [See Fi~-4 & Table-2]. The z's upon inttoduction of the shift have 
. ' 
been transf onncd from a NID(O, 1) to a distribution whose mean = 13.32 and S.D. = 1.00 
[See Figure-5 & Table-2] whcnShift in z's / Shift in y's = 13.32a /3.27 a = 4.01 
Conttol Limit factor ratio= 2.99/2.25 = 1.32 
Since 4.07 > 1.32 the average run length for z's is shoner than the y's. 
ff 8 = -0.7, then for a shift in mean= 4.0 of the y's [See Figure-6 & Table-2] the z's have 
been transformed from a NID(O,l) to a (1.24,1.03) [See Figure-7 & Table-2] distribution. 
Shift in z's / Shift in y's =(4.0/2.3)a /(1.24/l.03)a = 1.41 
Control Limit factor ratio= 3.78/2.97 = 1.30 
Since 1.41 is almost equal to 1.30 their average run lengths are also nearly equal. 
3.6.3. AR(l) Model - Shirt in Mean at the input : 
The quality characteristic or the output is modelled as 
y(t) = q> * y(t-1) + z(t) 
"" . ' 
- • ' -..> 
where cl> is a constant and z(t) ,.;_ NID (0,1) 
If the shift in the mean of the process is due to the increase at the process input then 
z'(t) = z(t) + µ 
-
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y'(t) • t • y'(t-1) + z'(t) 
But we know that z'(t)-- NID (µ , 1) and 8 • z'(t-1) -- NID (µ8, 1). Since y (t) ii C<liiO-
laled its disttibution is dete1111incd by simuladon . The distribution of y (t) bad to be dew-
mined using simulation because of the presence of serial cm1elation. For example for t 
= 0.7 and a shift of µ=4.0 in the z's transfonns the distribution of z's from NID(O,l) to 
NID(4,l) [See Figure-8 & Table-3]. This results in the transfonnation of the distribution 
of y(t) from (Mean= 0.0, S.D. = 1.41) before the shift to (13.4,1.41) [See Figure-9 & 
Table-3] after the shift. From this it can be seen that a 4a shift in z(t) producess a 9.Sa • V 
shift in y(t). However the control limits for the charts are not the same. They chan have 
broader control limits than z chart and the ratio.of the control limits vis-a-vis the ratio of 
the magnitude of the shifts in tenns of standard deviation units is important For example 
Shift in y's / Shift in z's = 9.5a I 4.0a = 2.35 
Control Limit factor ratio = 4.13/3.00 = 1.38 
Since 2.35> 1.38 it would appear that inspite of the broader control limits for y's they can 
detect the shifts faster. In other words it can be seen as to why the average run lengths are 
.. 
smaller for the y 's than for the z 's. This explains why plotting the residuals leads to a faster 
detection of the shift in the mean at the input. These results are further corroborated by 
simulation and are illustrated by figures which plot the values of y and z before and after 
the shift ht the mean of the process. The shift in the y's is more pronounced than the shift 
in the z's and so the probability of detecting a shift is higher. If however 8 = -0.7 then 
40' shift in z(t) [See Figure-8 &~Table-3] produces a 2.35/1.41=1.66 O'v shift in y(t) [See 
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Ugure - 10 AR(l) Model 
Shrft=4.0(lnput) Lambda=0.25 PHl=-0.7 
. ----------~------------------------------------
------- - ------- - ----- --- -
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die y'1 me brolr.ler rhan dw for the z's ln addldon to the magnitude or lb shift beln1 
11111ller lhan dw of the z. So it ia quite obvious in this case that that z 's will detect a shift 
futer. 
3.6.4. AR(l) Model· Shift In Mean due to lncreae In proce11 output: 
The quality characteristic or the observations is modelled as 
y(t) = C,, • y(t-1) + z(t) 
where , is a constant and z(t)-NID(O,l). The distribution of they (t) is dete1111ined by 
simulation and has a mean or·o.o and standard deviation of 1.41 before the shift. 
\ 
Suppose that a shift in mean occurs at the output. That is, for a shift of µ, the output can 
be expressed as 
' 
y(t) = ci, * y(t-1) + µ + z(t) 
z(t) - NID {O,a2) 
Let t0 denote the time of the shift so that 
µ(t) = 0 when t < t0 
"' 
µ(t) = µ when t > t0 
. 
The values of z to be plotted on the control chart are calculated from the filtered observa-
. tions. Let z'(t) denote the filtered output. The effect of the shift on the· mean of z'(t) can 




~ E[z'(t0 - 1)] = 0 
E[z'(t0)] = E[y(t0)] - cf>* E[y(t0 - 1)] 





.• B(z('<,)] + µ ( 1-+> 
B[z'(to + 1)) =E[z('<, +1)] + µ ( 1-t) 




The steady state is reached after the first observation after the shift and it rakes a c:omtant 
fo1111 the~after.For example, an MA(l) process with 8 = 0.7 and a 4.0 shift in 11.ean at 
' 
the output will produce a steady state shift of 1.20 in the z 's. For a shift of µ =4.0 the dis-
tribution of the y's have transformed from (0,1.41) to a distribution for a shift in mean J 
=4.0 and standard deviation = 1.41 [See Figure-11& Table-4) . The z's upon introduction 
of the shift have been ttansf ormed from a NID(O, l) to a distribution whose mean = 1.20 
and S.D. = 1.00[See Figure-12& Table-4] 
Shift in y's / Shift in z's = (4.0/1.41)a /(1.2/1.0) a =2.35 
Control Limit factor ratio= 4.88/3.00 = 1.63 
Since 2.35 > 1.63 the average run length for y's is shorter than the z's. 
If on the other hand <I> = -0.7 then y's transform from (0,1.41) to a (4.0,1.41) distribution 
[See Figure-13 & Table-4) whereas the z's transform from a NID(0,1) to (6.78,l)[See Fig-
ure-14 & Table-4] but the control limits for the z's are wider. 
Shift in z's / Shift in y's = (6.78/1.0) CJ (4.0/1.41)0 =2.38 
Control Limit factor ratio= 4.88/3.00 = 1.63 
Since 2.38 > 1.63 the average run length for z's is shorter than the y's. 
/ 
3.7.0 Motivation for an Alternate Approach: 
,, . . . '. 
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Pqe53 
made. Our objective of proposing the first approach wu to develop a swildcal proced1m, 
to detect shifts at both the input and output stages of a coa1elated proceas. The proposed 
approach wu to model the co11elative structure u a time series model, usclhat model to 
remove the adtocorrclation and apply control charcs to the residuals . For comparison pur-
poses we also investigated the usual approach of plotting a control chan with the process 
output y(t). 
Figure - 15 shows the comparison of the Average Run Lengths (ARL) between a MA(l) 
and an AR( 1) model for different values of the ARMA paramaters 8 or 4>. The average 
run lengths of a OMA chart on the z(t) are also plotted in this figure. The assignable cause 
., 
responsible for the shift was due to a step change in the input or z(t). For example if the 
process output could be modelled as an AR( 1) process, then the quality characteristic 
could be represented as 
before the shift and 
after the shift where 
. ' 
\ ·,..-· _.-.- •. ,-
' 
y(t) = cp * y(t-1) + z(t) 
z(t) = y(t) - ct> y(t - 1) 
z(t) ,_ NID (O,a2) 
y' (t) =<t> y '(t - 1) + µ + z(t) 
z'(t) = y'(t) - ct> y'(t - 1) 
z'(t)= z(t) + µ 
z'(t) ,_ NID (µ,~>2)) 
. , 






Figure-15 MA{1) Model Vs AR{1) Model 
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Figure - 15a MA(1) Model Vs AR(1) Model 
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. - ' 
modelledu 
bef mc the shift and 
after the shift where 
• 
y(t) • z(t) - 8 • z(t-1) 
z(t) = y(t) + 8 z(t - 1) 
z(t),.., NID (O,a2) 
..... ,~ 
y'(t) = z(t) + µ - 8 •c z (t-1) + µ] 
z'(t) = y'(t) + 8 • z '(t-1) 
z'(t)= z(t) + µ 
' 
The y's and the z's are plotted on a Geometric Moving Average Chan to detennine the 
ARLs . Figure - 15 plots the values of the ARL obtained by simulation for AR(l) and 
MA(l) process for a specified shift in the input and GMA parameter (A= 0.5). The Figure 
also plots the ARLs of the uncorrelated z 's . It can be seen that the ARL of z 's is a constant 
for all values of the ARMA parameter. This is due to the fact that the z 's are unc011elated 
and the ARMA parameter has no effect whatsoever on its ARL. 
• 
On the other hand the ARMA parameter has a strong influence on the ARL of y's . An 
ideal situation would be for the ARL of z's to be smaller than the ARL of y's whenever a 
shift occured and under all environments. It is however not always the case. It can be seen 
from the Figure that for an MA(l) model the ARL of z's are smaller than the ARL of y's 
for 0 > 0.0 and vice versa for 0 < 0. The opposite is true for an AR(l) process. So if the 
· · -. model under consideration was an MA( 1) process whose ARMA parameter was· less than 
0.0 and a shift in the mean of the process was due to the shift in the input [ z(t)],'then plot-
~' . 
/ 
. ~ , -,·-
• 
da1 die z(t) would detect lbiftl slower u opposed co the y '1. However if the 11,odel under 
conside1ation wu an AR(l) process whose parameter wu pater than 0.0 and a shift in 
the mean of the process wu due to the shift in the input [ z(t)],tben ploaing the i{t) would 
detect shifts faster as opposed to the y's. It is clear that the results frorn an MA(l) and an 
AR( 1) processes behave like mirror images of each other when the shift occurs at the 
• 10put. 
Figure - 16 shows the comparison of the ARL between an AR(l) and an MA(l) process 
for different values of the ARMA parameter when the shift in the mean of the process is 
due to a step change in the process output 
Figures 16 and 17shows the comparison of the ARL's of the y's and z's for AR(l) and 
MA(l) models respectively. 
It is apparent that the ''best procedure'' depends on the particular ARMA process and on 
where the shift occurs. The observance of this behaviour is what led us to the second 
approach where it is proposed to take advantage the mirroring effect of the two time series 
models. 
, . .., • ... >-' 1 . . .~ • 4 ' y,. ' ..... -· 
.• 







Vs ARL(Z)-MA(1) Model 
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Figure-17 ARL(Y) Vs ARL(Z)- AR(1) Model 













0.7 0.5 0.3 0.1 -0.1 -0.3 -0.5 -0.7 
ARMA Parameter 
j --- ARL of Y's • ARL of Z:s j 
{/ .. "., \, ' ...... .,. r"1 .. . < • 
. . . 
.··•.: 
. ' .... 




4.0 Alternate Approacb: 
The earlier approach was to model the correlative structure of a process u a d11.e series 
model, use that model to remove the autoco11clation from the data and apply control 
chans to the residuals. The alternate or the second approach goes a step further. Due to 
the results of the first experiment it is proposed to transfonn the uncorrelated residuals or 
random noise to an alternate time series model and apply control charts on the ttans-
f onned data . For example if the manufacturing process under consideration was an . 
MA(l) model then the process output or the quality characteristic can be represented as 
before the shift and 
after the shift where 
y(t) = z(t) - 0 * z(t-1) 
z(t) = y(t) + 0 y(t - 1) 
z(t) - NID (O,a2) 
y'(t) = z(t) + µ - 0 *[ z (t-1) +µ] 
z' ( t) = y' ( t )' + 0 * z ' ( t-1 
z'(t)= z(t) + µ 
z(t) - ~ID (µ,a2)) 
If the ARMA parameter 8 > 0.0 we know from Figure -1 that ARL of y's for an AR(l) 
. . 
process is better than the ARL of y's from a MA(l) process and the ARL of the z's . So 
( ' . 
. . ' ' "'·:·. ·~ . . ~ ... . . -- .. ' .. . 
· we transform the residuals [z(t)] from an MA(l) model to a variable say x(t) such that x(t) 








x(t) • cp • x(t-1) + z'(t) 
z(t) are the back filtered residuall 
9 = 8 for a MA(l) process 
Pqe61 
This is representadvc of a first order autmcgrcssivc model . The d1,1e aeries x(t) dael not 
actually represent the process output but is a manipulated variable to take advantage of 
the superiority of the AR( 1) mcxfel in detecting shift.I faster . The values of x(t) are then 
plotted on a control chan and their average run lengths dctcnnincd by simulation. If on 
the other hand the ARMA parameter for the MA(I) model 8 < 0.0 then such a transfor-
mation is not required because the ARLof y(t) obtained from the MA(l) model is the fast-
est in detecting the shift. 
Likewise if the process could be modelled in such a way that its process output or quality 
characteristic can be represented as an AR(l) model, then 
before the shift and 
after the shift in z . 
.. 
y(t) = q> * y(t-1) + z(t) 
z(t) = y(t) - q> y(t - 1) 
z(t) - NID (O,a2) 
• 
y' ( t) = q> y ' ( t - 1) + µ + z( t) 
z'(t) = y'(t) - <I> y'(t - 1) _, 
If the ARMA parameter q> < 0.0 we know from Figure -1 that·ARL of y's for a MA(l) 
process is better than the ARL of y's from an AR(l) process and the ARL of the z's. So 
we transform the z(t) the residuals from an AR(l) model to a variable say x(t) such that 





x(t) • z'(t) - 8 • z'(t-1) 
z'(t) arc the back filtered residuals 
8 • t for an AR( 1) process 
Pap62 
This is representative of a first order moving ave1age model. The tii•-c series x(t) does not 
actually represent the process output but is a manipulated variable used to take advantage 
of the superiority of the MA( 1) model in detecting shifts faster under the circumstances 
of the ARMA parameter being less than rero. The values of x(t) are then plotted on a con-
• 
trol chart and their average run lengths determined. 
If on the other hand the ARMA parameter for the AR(l) ~I 8> 0.0 then such a trans-
formation is not required because the ARL of y(t) obtained from the AR(l) model is the 
fastest in detecting the shift in the mean of the process . 
The alternate approach just described considered shifts in the mean of the process due to 
a step change in the input of the process. The same approach can be used for detecting 
shifts in the mean of the process due to process outputs also. 
If the manufacturing process could be modelled in such a way that its process output or 
quality characteristic can be represented as an MA( 1) model and a shift in the mean of the 
process is due to a step change in the proecess output, then 
before the shift and 
1 •• 
y(t) = z(t) - 8 * z(t-1) 
z(t) = y(t) + 8 * z(t-1) 
z(t) - NID (O,a2)) 






z'(t) • 8 • z'(t-1) + y'(t) • 
after the shift. 
Since the process i1 MA(l), a transf011111don of z(t) if required would be to an AR(l) pro-
cess such as 
x(t) = + • x(t-1) + z'(t) 
where + = 8 for a MA(l) process 
Likewise if the process could be modelled in such a way that its process output or quality 
characteristic can be represented as an AR( 1) model and a shift in the 1ncan of the process 
is due to a step change in the proecess output, then 
before the shift and 
after the shift. 
y(t) = cp • y(t-1) + z(t) 
z(t) = y(t) - <I> * y(t-1) 
z(t) - NID (O,a2)) 
y'(t) = <I> y'(t - 1) + z'(t) = <I> y(t - 1) + µ + z'(t) 
z'(t) = y'(t) - <I> y'(t - 1) 
Since the process is AR(l), a transformation of z(t) if required would be to a MA(l) pro-
cess such as 
x(t) = z'(t) - 8 * z'(t-1) 
The approach just described is based on observation of the first experiment. It ignores the 
possibility that undesirable transient effects may be induced in the mean of x( t). However, 







A simuladon model wo necessary to test the second approach since it wu not possible 
to dctcnnine the Average Run Lengths analytically. The simulBdon model built for the 
first approach was extended to include the second approach. The factois used for experi-
mentation of this approach were exactly the same for the first approach as were the levels 
and environments in which they were simulated 
The results are shown in Tables 5 - 8. These tables show the control limit factors used for 
the x's, model parameters, the mean and standard deviation of the transfomed data [x(t)] 
both before and after the shift , the in control alpha , the average run length and the mag-
nitude of the shift in the process. The results are discussed in the following sections. 
4.1.1.MA(l) Model - Shift in mean due to input: 
When the process model is MA(l) and the shift occurs at the input,the ARL's of x(t) [See 
Table-5] behaves the same as like the ARL's of y(t) for an AR(l) process[See Figure-9 & 
Table-3] and the arguments pertaining to the AR(l) model whose shift in mean was at the 
input apply here as well . In other words, 
' 
x(t) = <p * x(t-1) + z'(t) = y'(t) for an AR(l) process 
4.1.2 MA(l) Model - Shift in mean due to step change in proce~ output: 




Residuals of MA(l) Model Transformed to an AR(l)Model 
********** CONTROL LIMIT FACTOR FOR Zs• 2.97********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE INPUT 
ALPHAX•O. 0027 
LAMBDA• 0.25 GEOMETRIC MOVING AVERAGE CHART 
• 







0.9 5.720 -0.01 2.33 0.0000 362.319 -0.0132 2.3319 
0.9 5.720 -0.01 2.33 0.5000 10.659 5.0137 2.3671 
0.9 5.720 -0.01 2.33 1.0000 3.018 9.8891 2.2686 
0.9 5.720 -0.01 2.33 2.0000 1.407 20.0650 2.1866 
0.9 5.720 -0.01 2.33 3.0000 1.005 29.7565 2.1192 
0.9 5.720 -0.01 2.33 4.0000 1.004 39.7698 2.1195 
0.7 4.880 0.00 1.41 0.0000 ·367. 647 -0.0043 1.4137 
0.7 4.880 0.00 1.41 0.5000 26.922 1.6571 1.4323 
0.7 4.880 0.00 1.41 1.0000 6.014 3.3520 1.4209 
0.7 4.880 0.00 1.41 2.0000 2.258 6.6858 1.3866 
0.7 4.880 0.00 1.41 3.0000 1. 550 · 10.0429 1.3857 
0.7 4.880 0.00 1.41 4.0000 1.012 13.2469 1.3621 
0.5 4.180 0.00 1.16 0.0000 367.647 -0.0026 1.1608 
0.5 4.180 0.00 1.16 0.5000 35.279 0.9959 1.1662 
0.5 4.180 0.00 1.16 1.0000 7.873 2.0254 1.1805 
0.5 4.180 0.00 1.16 2.0000 2.719 4.0002 1.1810 
0.5 4.180 0.00 1.16 3.0000 1.858 6.0524 1.1657 
0.5 4.180 0.00 1.16 4.0000 1.239 8.0103 1.1-599 
0.3 3.630 0.00 1.05 0.0000 373.134 -0.0018 1.0510 
0.3 3.630 0.00 1.05 0.5000 40.372 0.7099 1.0543 
0.3 3.630 0.00 1.05 1.0000 9.147 1.4379 1.0629 
0.3 3.630 0.00 1.05 2. 00 .. 00 3.110 2.8382 1.0695 
0. 3· 3.630 0.00 1.05 3.0000 2.013 4.3119 1.0593 
0.3 3.630 0.00 1.05 4.0000 1.480 5.7293 1.0499 
0.1 3.170 0.00 1.01 0.0000 370.370 -0.0014 1.0062 
0.1 3.170 0.00 1.01 0.5000 43.698 0.5540 1.0080 
0.1 3.170 0.00 1.01 1.0000 10.196 1.1149 1.0139 
0.1 3.170 0.00 1.01 2.0000 3.395 2.2106 1.0252 
0.1 3.170 0.00 1.01 3.0000 2.144 3.3487 1.0255 
.. 0 .1 3.170 0.00 ·1. 01 4 ~~0000 
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Av.X Sd.X SHIFT 
***BEFORE SHIFT*** 
ARLX Av.X Sd.X 
****AFTER SHIFT**** 
------------------------------------------------------------------------------
-0.1 2.730 0.00 1.01 0.0000 362.319 -0.0012 1.0059 
-0.1 2.730 0.00 1.01 0.5000 44.782 0.4533 1.0075 
-0.1 2.730 0.00 1.01 1.0000 10.727 0.9095 1.0121 
-0.1 2.730 0.00 1.01 2.0000 3.662 1.8194 1.0281 
-0.1 2.730 0.00 1.01 3.0000 2.287 2.7319 1.0314 
-0.1 2.730 0.00 1.01 4.0000 1.745 3.6587 1.0398 
-0.3 2.340 0.00 1.05 0.0000 362.319 -0.0010 1.0504 ,,..__ 
-0.3 2.340 0.00 1.05 0.5000 ' 45.789 0.3830 1.0522 
-0.3 2.340 0.00 1.05 1.0000 
I 11.403 0.7711 1.0546 
-0.3 2.340 0.00 1.05 2.0000 3.938 1.5375 1.0764 
-0.3 2.340 0.00 1.05 3.0000 2.455 2.3109 1.0866 
-0.3 2.340 0.00 1.05 4.0000 1.850 3.0971 1.0820 
-0.5 2.000 0.00 1.16 0.0000 362.319 -0.0009 1.1597 
-0.5 r • 00 0 0.00 1.16 0.5000 49.934 0.3326 1.1598 
-0 C .GOO 0.00 1.16 1.0000 12.819 0.6667 1.1609 . -.) 
-0.5 2.000 0.00 1.16 · 2.0000 4.308 1.3334 1.1865 
-0.5 2.000 0.00 1.16 3.0000 2.662 2.0017 1.2057 
-0.5 2.000 0.00 1.16 4.0000 1.991 2.6824 1.2086 
-0.7 1.705 0.00 1.41 0.0000 364.964 -0.0008 1.4115 
-0.7 1.705 0.00 1.41 0.5000 66.845 0.2933 1.4115 
-0.7 1.705 0.00 1.41 1.0000 16.682 0.5876 1.4068 
-0.7 1.705 0.00 1.41 2.0000 5.223 1.1799 1.4402 
-0.7 1.705 0.00 1.41 3.0000 3.211 1.7595 1.4526 
-0.7 1.705 0.00 1.41 4.0000 2.309 2.3558 1.4716 
\ 




THET Contrl Av.X Sd.X SHIFT ARLX Av.X Sd.X 
Limit ***BEFORE SHIFT*** ****AFTER SHIFT**** 
------------------------------------------------------------------------------
-0.1 2.730 0.00 1.01 
-0.1 2.730 0.00 1.01 
-0.1 2.730 0.00 1.01 
-0.1 2.730 0.00 1.01 
-0.1 2.730 0.00 1.01 
-0.1 2.730 0.00 1.01 
-0.3 2.340 0.00 1.05 
-0.3 2.340 0.00 1.05 
-0.3 2.340 0.00 1.05 
-0.3 2.340 0.00 1.05 
-0.3 2.340 0.00 1.05 
-0.3 2.340 0.00 1.05 
-0.5 2.000 0.00 1.16 
-0.5 ~ . 000 0.00 1.16 
-0 C . ..; .aoo 0.00 1.16 
-0.5 2.000 0.00 1.16 
-0.5 2.000 0.00 1.16 
-0.5 2.000 0.00 1.16 
-0.7 1.705 0.00 1.41 
-0.7 1.705 0.00 1.41 
-0.7 1.705 0.00 1.41 
-0.7 1.705 0.00 1.41 
-0.7 1.705 0.00 1.41 
-0.7 1.705 0.00 1.41 
... ··:-- -~'-·~-- _\ ~ 
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TABLE 6 
Residuals of MA(l) Model Transfo~med to an AR(l)Model 
********** CONTROL LIMIT FACTOR FOR Zs• 2.97********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE OUTPUT 
ALPHAX-0. 0027 
LAMBDA• 0.25 GEOMETRIC MOVING AVERAGE CHART 






------------------------------------------------------------------------------362.319 -0.0132 2.3319 0.9 5.720 -0.01 2.33 0.0000 
0.9 5.720 -0.01 2.33 0.5000 1.009 
49.7668 2.1219 
0.9 5.720 -0.01 2.33 1.0000 1.006 
99.8305 2.1223 
0.9 5.720 -0.01 2.33 2.0000 1.004 199.9459 
2.1303 
0.9 5.720 -0.01 2.33 3.0000 1.003 300.0572 
2.1457 
0.9 5.720 -0.01 2.33 4.0000 1.003 400.1674 
2.1655 
0.7 4.880 0.00 1.41 0.0000 367.647 
-0.0043 1.4137 
0.7 4.880 0.00 1.41 0.5000 2.785 
5.5353 1.4311 
0.7 4.880 0.00 1.41 1.0000 1.255 
11.1116 1.4004 
0.7 4.880 0.00 1.41 2.0000 1.003 
22.1457 1.3658 
0.7 4.880 0.00 1.41 3.0000 1.002 
33.2688 1.· 3668 
0.7 4.880 0.00 1.41 4.0000 1.002 
44.3923 1.3672 
0.5 4.180 0.00 1.16 0.0000 367.647 
-0.0026 1.1608 
0.5 4.180 0.00 1.16 0.5000 7.873 
2.0254 1.1805 
0.5 4.180 0.00 1.16 1.0000 2.723 
3.9992 1.1809 
0.5 4.180 0.00 1.16 2.0000 1.241 
8.0104 1.1592 
0.5 4.180 0.00 1.1.6 3.0000 1.002 
11.9514 1.1426 
0.5 4.180 0.00 1.16 4.0000 1.002 
15.9558 1.1426 
' 
0.3 3.630 0.00 1.05 0.0000 373.134 
-0.0018 1.0510 
0.3 3.630 0.00 1.05 0.5000 18.659 
1.0132 1.0594 
0.3 3.630 0.00 1.05 ' 1.0000 4.953 
2.0474 1.0624 
0.3 3.630 0.00 1.05 2.0000 2.095 
4.0976 1.0588 
0.3 3.630 0.00 1.05 3.0000 1.339 
6.1345 1.0573 
0.3 3.630 0.00 1.05 4.0000 1.013 
8.1294 1.0477 
0.1 3.170 0.00 1.01 0.0000 370.370 
-0.0014 1.0062 
0.1 3.170 0.00 1.01 o~sooo 34.712 
0.6151 1.0115 
0.1 3.170 0.00 i.01 1.0000 8.345 
1.2436 1.0210 
0.1 3.170 0.00 1.01 2.0000 2.988 
2.4570 1.0296 
0.1 3.170 0.00 1.01 3.0000 1.967 
3.7307 1.0244 














ARLX Av.X Sd.X Av.X Sd.X THET Contrl 
Limit ***BEFORE SHIFT*** ****AFTER SHIFT**** 
-----------~-------------~---------------~------------------------------------
-0.1 2.730 0.00 1.01 0.0000 362.319 -0.0012 1.0059 
-0.1 2.730 0.00 1.01 0.5000 53.533 0.4121 1.0059 
-0.1 2.730 0.00 1.01 1.0000 12.806 0.8262 1.0095 
-0.1 2.730 0.00 1.01 2.0000 4 .194 1.6478 1.0253 
-0.1 2.730 0.00 1.01 3.0000 2.544 2.4795 1.0358 
-0.1 2.730 0.00 1.01 4.0000 1.891 3.3340 1.0327 
-0.3 2.340 0.00 1.05 0.0000 362.319 -0.0010 1.0504 
-0.3 2.340 0.00 1.05 0.5000 73.099 0.2949 1.0504 
-0.3 2. 34 0 0.00 1.05 1.0000 18.990 0.5885 1.0544 
-0.3 2.340 0.00 1.05 2.0000 5.521 1.1890 1.0730 
-0.3 2.340 0.00 1.05 3.0000 3.289 1.7662 1.0765 
-0.3 2.340 0.00 1.05 4.0000 2.387 2.3757 1.0864 
-0.5 2.000 0.00 1.16 0.0000 362.319 -0.0009 1.1597 
-0.5 2.000 0.00 1.16 0.5000 97.656 0.2213 1.1597 
-0.5 2.000 0.00 1.16 1.0000 28.345 0.4440 1.1647 
-0.5 2.000 0.00 1.16 2.0000 7. 585 , . 0.8973 · 1.1833 
-0.5 2.000 0.00 1.16 3.0000 4.312 1.3336 1.1859 I 
-0.5 2.000 0.00 1.16 4.0000 3.088 1.7685 1.1932 
.. 0.0000 364.964 
-0.7 1.705 0.00 1.41 -0.0008 1.4115 
-0.7 1.705 0.00 1.41 0.5000 151.057 0.1722 1.4115 
-0.7 1.705 0.00 1.41 1.0000 50.607 0.3452 1.4115 
-0.7 1.705 0.00 1.41 2.0000 12.258 0.6911 1.4133 
-0.7 1.705 0.00 1.41 3.0000 6.214 1.0430 1.4355 






Residuals of AR(l) Model Transformed to an MA(l)Model 
********** CONTROL LIMIT FACTOR FOR Zs~ 2.97********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE INPUT 
ALPHAX=0.0027 
LAMBDA• 0.25 GEOMETRIC MOVING AVERAGE CHART • 
------------------------------------------------------------------------------ARLX Av.X Sd.X THET Contrl Av.X Sd.X SHIFT 
Limit ***BEFORE SHIFT*** ****AFTER SHIFT**** 
------------------------------------------------------------------------------
0.9 1.585 0.00 1.35 0.0000 370.370 -0.0002 1.3457 
0.9 1.585 0.00 1.35 0.5000 301.205 0.0498 1.3457 
0.9 1.585 0.00 1.35 1.0000 233.645 0.0998 1.3457 
0.9 1.585 0.00 1.35 2.0000 90.909 0.1998 1.3457 
0.9 1.585 0.00 1.35 3.0000 42.509 0.2998 1.3501 
0.9 1.585 0.00 1.35 4.0000 23.126 0.3993 1.3473 
0.7 1.680 0.00 1.22 0.0000 370.370 -0.0004 1.2210 
0.7 1.680 0.00 1.22 0.5000 140.449 0.1496 1.2210 
0.7 1.680 0.00 1.22 1.0000 41.115 0.2993 1.2247 
0.7 1.680 0.00 1.22 2.0000 10.802 0.6005 1.2248 
0.7 1.680 0.00 1.22 3.0000 5.963 0.9017 1.2429 
0.7 1.680 0.00 1.22 4.0000 4.204 1.1992 1.2513 
0.5 1.910 0.00 1.12 0.0000 364.964 -0.0007 1.1185 
0.5 1.910 0.00 /·-- 1--.12 - --- 0.5000 68.306 0.2493 1.1185 
0.5 1.910 0.00 1.12 1.0000 17.491 0.4985 1.1206 
0.5 1.910 0.00 1.12 2.0000 5.658 1.0029 1.1407 
0.5 1.910 0.00 1.12 3.0000 3.416 1.4959 1.1499 
0.5 1.910 0.00 1.12 4.0000 2.491 2.0011 1.1614 
0.3 2.290 0.00 1.04 0.0000 373.134 -0.0009 1.0446 
0.3 2.290 0.00 1.04 0.5000 51.230 0.3491 1.0446 
0.3 2.290 0.00 1.04 1.0000 12.739 0.6999 1.0450 
0.3 2.290 0.00 1.04 2.0000 4.296 1.3998 1.0674 
0.3 2.290 0.00 1.04 3.0000 2.616 2.1046 1.0776 
·o. 3 2.290 0.00 1.04 4.0000 1.961 .2.8167 1.0782 
0.1 2.725 0.00 1.01 0.0000 367.647 -0.0012 1.0057 
0.1 2.725 0.00 1.01 0.5000 45.981 0.4479 1.0073 
0.1 2.725 0.00 1.01 1.0000 10.934 0.9005 1.0118 
0.1 2.725 0.00 1.01 2.0000 3.709 1.7996 1.0291 
- 0 .• 1 2. 7.25. 0. 00 i 1.01 3.0000 2.305 2.7037 1.0298 
0.1 2.725 0.00 1.01 4.0000 1.756 3.6229 1.0379 
.. .. -{,'· 
r 
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44.090 0.5490 1.0078 
10.299 1.1028 1.0137 
3.416 2.1905 1.0255 
2.159 3.3136 1.0252 
1.662 4.4180 1.0342 
367.647 -0.0017 1.0453 
42.198 0.6467 1.0479 
9.782 1.3056 1.0549 
3.303 2.5841 1.0627 
2.076 3.9215 1.0547 
1.566 5.2185 1.0617 
370.370 -0.0019 1.1195 
40.865 0.7457 1.1225 
9.501 1.5066 1.1318 
3.202 2.9844 1.1388 
2.036 4.5261 1.1256 
1.505 6.0222 1.1153 
373.134 -0.0022 1.2224 
41.516 0.8459 1.2248 
9.635 1.7070 1.2344 
3.176 3.3809 1.2450 
2.029 5.1319 1.2243 
1.490 6.8198 1.2162 












Residuals of AR(l) Model Transformed to an MA(l)Model 
********** CONTROL LIMIT FACTOR FOR Zs• 2.97********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE OUTPUT 
ALPHAX•0.0027 








------------------------------------------------------------------------------370.370 -0.0002 1.3457 0.9 1.585 0.00 1.35 0.0000 
0.9 1.585 0.00 1.35 0.5000 370.370 0.0048 
1.3457 
0.9 1.585 0.00 1.35 1.0000 373.134 0.0098 
1.3457 
0.9 1.585 0.00 1.35 2.0000 367.647 0.0198 
1.3457 
0.9 1.585 0.00 1.35 3.0000 342.466 0.0298 
1.3457 
0.9 1.585 0.00 1.35 4.0000 328.947 0.0398 
1.3457 
0.7 1.680 0.00 1.22 0.0000 370.370 -0.0004 
1.2210 
0.7 1.680 0.00 1.22 0.5000 316.456 0.0446 
1.2210 
0.7 1.680 0.00 1.22 1.0000 221.239 0.0896 
1.2210 
0.7 1.680 0.00 1.22 2.0000 102.881 0.1796 
1.2210 
0.7 1.680 0. -0 0 1.22 3.0000 50.968 0.2696 
1.2210 
0.7 1.680 0.00 1.22 4.0000 27.631 0.3596 
1.2240 
0.5 1.910 0.00 1.12 0.0000 364.964 -0.0007 
1.1185 
0.5 1.910 0.00 1.12 0.5000 186.567 0.1243 
1.1185 
0.5 1.910 0.00 1.12 1.0000 68.306 0.2493 
1.1185 
0.5 1.910 0.00 1.12 2.0000 17.491 0.4985 
1.1206 
0.5 1.910 0.00 1.12 3.0000 8.403 0.7546 
1.1348 
0.5 1.910 0.00 1.12 4.0000 5.658 1.0029 
1.1407 
0.3 2.290 0.00 1.04 0.0000 373.134 -0.0009 
1.0446 
0.3 2.290 0.00 1.04 0.5000 94.697 0.2441 
1.0446 
0~3 2.290 0.00 1.04 1.0000 25.395 0.4866 
1.0469 
0.3 2.290 0.00 1.04 2.0000 6.950 0.9902 
1.0631 
0.3 2.290 0.00 1.04 3.0000 4.038 1.4672 
1.0675 
0.3 2.290 0.00 1.04 4.0000 2.836 1.9564 
1.0781 
0.1 2.725 0.00 1.01 0.0000 367.647 -0.0012 
1.0057 
0.1 2.725 0.00 1.01 0.5000 56.180 0.4038 
1.0057 
0.1 2.725 0.00 1.01 1.0000 13.239 0.8100 
1.0079 
0.1 2.725 0.00 1.01 2.0000 · 4. 292 1.6193 
1.0251 
0.1 2.725 0.00 1.01 3.0000 2.583 2.4323 
1.0348 
' 
. 0 .1 2.725 ~00 1. 01 . f.0000 1.930 
3. 26s·0 pl. 0319 
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SHIFT ARLX Av.X Sd.X 
****AFTER SHIFT**** 
------------------------------------------------------------------------------
-0.1 3.160 0.00 1.01 0.0000 373.134 -0.0014 1.0060 
-0.1 3.160 0.00 1.01 0.5000 36.004 0.6031 1.0100 
-0.1 3.160 0.00 1.01 1.0000 8.617 1.2175 1.0206 
-0.1 3.160 0.00 1.01 2.0000 3.067 2.4022 1.0279 
-0.1 3.160 0.00 1.01 3.0000 1.986 3.6555 1.0238 
-0.1 3.160 0.00 1.01 4.0000 1.478 4.8504 1.0121 
-0.3 3.460 0.00 1.05 0.0000 367.647 -0.0017 1.0453 
-0.3 3.460 0.00 1.05 0.5000 24.089 0.8367 1.0540 
-0.3 3.460 0.00 1.05 1.0000 6 .130 1.6991 1.0593 
-0.3 3.460 0.00 1.05 2.0000 2.403 3.3935 1.0639 " 
-0.3 3.460 0.00 1.05 3.0000 1.620 5.0868 1.0656 
-0.3 3.460 0.00 1.05 4.0000 1.095 6.7569 1.0641 
-0.5 3.650 0.00 1.12 0.0000 370.370 -0.0019 1.1195 
-0.5 3.650 0.00 1.12 0.5000 17.039 1.1204 1.1290 
-0.5 3.650 0.00 1.12 1.0000 4.7,2 2.2540 1.1302 
-0.5 3.650 0.00 1.12 2.0000 2.038 4.5259 1:1251 
-0.5 3.650 0.00 1.12 3.0000 1.257 6.7543 1.1230 
-0.5 3.650 0.00 1.12 4.0000 1.006 8.9649 1.1.171 
-0.7 3.780 0.00 1.22 0.0000 373.134 -0.0022 1.2224 
-0.7 3.780 0.00 1.22 0.5000 13.143 1.4465 1.2339 
-0.7 3.780 0.00 1.22 1.0000 3.966 ·2. 8837 1.2391 
-0.7 3.780 0.00 1.22 2.0000 1.813 5.8231 1.2451 
-0.7 3.780 0.00 1.22 3.0000 1.068 8.6604 1.2163 




Pap 73 . 
the z'1 and the distribution of the y'1 fron1 an MA(I) proceas are eotnparcd to the cUltri-
budon of the ttansfo111ied x(t) individually to explain the results obtained. In the earlier 
approach we had compared the ARL of the z's and the ARL of the y•s by comparing the 
ratio of their magnitude of the shift with respect to their control limits . So for a shift • 4.0 
in the y's and 8 = 0.7 we had seen that the average run length of the z's is s111aller than the 
average run length of the y's. So it is enough to compare the ARL of the z's and the x's 
because it has already been shown that the ARL for the z's are better than that of the y's. 
The z's upon introduction of the shift in the process output or the y's have ttansfo11ncd 
from a NID(0,1) to a distribution whose mean= 13.32 and standard deviation= 1.00 [See 
Figure-5 & Table-2] . The x(t) have likewise been transformed from a (0,1.41) to a 
(44.39,1.41) distribution [Figure-18 & Table-6]. 
Shift in x's / Shift in z's =(44.3/l.4)a/(13.3/1.0)a=2.37 
Control Limit factor ratio= 2.97/1.705= 1.74 
Since 2.37 > 1. 7 4 the ARL of the x 's is better. The same technique may be used to analyze 
results for different ARMA parameters[Figure-19 & Table-6] . Again this simplified anal-
ysis agrees with the simulation results. The transients induced in x(t) seems to have little 
effect. 
4.1.3 AR(l) Model . Shift in mean due to input or uncorrelated shocks: 
. ( \ ' 
When the process model is AR(l) and the shift occurs at the input,the ARL's of x(t) [See 
'" 
Table-7] behaves exactly like the ARL's of y(t) for a MA(l) process [See Figure-2 & 
i .,, 
' 
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here u well. In other wordl, 
x(I) • z'(t) - 8 • z'(t-1) • y'(t) for a MA(l) process 
4.1.4 AR(l) Model • Shift In mean due to step cbanp In proceu output: 
Here the process model is AR(l) and the shift occun at the output The distributions of 
the z 's and the distribution of the y 's from an AR( I) process are compared to the distribu-
tion of the transfonned x(t) individually to explain the results obtained. In the earlier 
approach we had compared the ARL of the z's and the ARL of the y's by comparing the .. 
ratio of their magnitude of the shift with respect to their control limits . So for a shift= 4.0 
in the y's and 8 = 0.7 we had seen that the average run length of the y's is smaller than 
the average run length of the z's. So it is enough to compare the ARL of the y's and the 
x's. Upon introduction of the shift in the process output or the y's have transfo1med from 
,; 
a(0,1.41) to a distribution whose mean= 4.00 and standard deviation= 1.41[See Figure-
13 & Table-4] . The x(t) have likewise been transformed from a (0,1.22) to a (0.36,1.22) 
distribution[See Figure-20 & Table-8] . 
Shift in y's / Shift in x's =(4.0/1.4)a/(0.36/1.22)a= 11.65 
Control Limit factor ratio= 4.88/1.68 = 2.90 
Since 11.65>> 2.90 the ARL of the x's is better. The same technique may be used to 
analyze· results for different ARMA parameters .[See Figure-21] . 
.• 
. ' . ' ~ '~ t ...... ,,... .. --
. . .. , ' 
- ' :, . 
f 
-























j • . ' 
' 
·-.._ 






























































4.2.0 Effects of Transformadon: 
The effecdveness of using the second or altei 11are approach can be Wusb atcd with the help 
of an example. If the process under consideration is an AR( 1) process whose step change 
in mean is dup to a step change in the input, then for ARMA parameter less than Zien> the 
ARL of y's obtained from an AR(l) process is not as good as either the ARL of z's or the 
ARL of the y's obtained from an MA(l) process. Under such a circumstance it might be 
better to monitor the process by using the z 's to detect the shift in mean. A better approach 
would be to acquire the properties of the ARL of y's of an MA(l) process whose perfor-
mance is superior even when compared to the performance of the ARL ef z's. This can be 
done by transfor1ning the residuals of an AR(l) process to an MA(l) process. So even 
though the actual manufacturing process is AR(l ), transformation of the residuals has led 
to the model acquiring the properties of an MA(l) model. See Figure - 22 for a graphic 
illustration of the transfo11nation. 
Likewise if the actual manufacturing process was an MA( 1) model and if its ARMA 
parameter was greater than zero then the opposite tranformation to an AR(l) model would 
yield good results.See Figure - 23 for a graphic illustration of the transfor1nation. 
The above examples were for the transforn1ation iin the face of a shift in the mean of the 
process due to a step change in the mean of the input. The same has been found to be true 
for a model whose shift in th~ mean was due to a step change in the mean of the process 
output. 
" 
So depending upon the nature of the basic process and the value of its ARMA parameter 




Figure - 22 AR 1 Transformed to MA( 1) 
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Figure - 23 MA(1) Transformed to AR(1) 
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In the ultimate analysis we would like to conclude by making several recoa1»1K:ndadom 
for monitoring a process whose output is serially co11elated. By using the two approaches 
we have proposed better control <>f the manufacturing processes can be achieved. 
The first approach we have proposed works well under cenain circumstances while the 
second approach works better under a different set of circumstances. Depending upon the 
process under consideration, nature of the process, nature of the shift in the mean of the 
process and the value of the ARMA parameter different control strategies can be sug-
gested. " 
For each time series model we can envision two different environments. This is with 
respect to the shift in the mean of the process. The shift in the mean can either be due to 
the input of the process or the output of the process. Depending upon the nature of the shift 
different approaches are required. The same is true of the ARMA parameter. The models 
behave differently under different values of the ARMA parameter. So a knowledge of 
these factors can lead to the determination of the type of approach to be used for the pur-· 
poses of control ling a manufacturing process whose output is serially correlated. This 
would also mean the choice of control limits for control charts. Different values of control 
,, 
limits under different environments have to be used and the control limit factors have been 
-
arrived at for different environments. These are presented iqtl'ables 1- 24. Given below is 
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If 8 > 0, transfoim z's to an 
AR( 1) model & plot x(t) on 
aGMA chart 
If 8 < 0, plot y's on OMA 
chart. Tran sf onnation is not 
required 
If q> < 0, transfmm z's to an 
MA(l) model & plot x(t) on 
GMA chart. 
If q,>O, plot y's on OMA 
chart. Transf wmation is not 
required. 
If 0 > 0, transfo1m z's to an 
AR(l) model & plot x(t) on 
OMA chart 











MA(l) model & plot x(t) OD 
OMAchan. 
If 4>>0, plot y's on OMA 
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TABLE 9 
MA(l) Model 
********** CONTROL LIMIT FACTOR FOR Zs• 2.99********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE INPUT 
ALPHAYcALPHAZc0.0027 
LAMBDA= 0.50 GEOMETRIC MOVING AVERAGE CHART 
--------------------------------------------------------------------------------------------------------A.RLZ Av.Y Av.Z Sd.Y Sd.Z THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT 
Limit **BEFORE SHIFT HAS OCCURED** 
ARLY 
***AFTER THE SHIFT HAS OCCURED*** 
" 
----------------------------------------------------------------------------------------------------------
362.32 362.32 0.00 1.35 0.00 1.00 0.9 2.215 0.00 0.00 1.35 1.00 0.0 
0.9 2.215 0.00 0.00 1.35 1.00 0.5 359.71 74.40 0.05 
1.35 0.50 1.00 
0.9 2.215 0.00 0.00 1.35 1.00 1.0 340.14 15.10 
0.10 1.35 1.00 1.00 
0.9 2.215 0.00 0.00 1.35 1.00 2.0 279.33 3.48 0.20 
1.35 1.99 1.02 
0.9 2.215 0.00 0.00 1.35 1.00 3.0 181.82 "1.85 0.30 
1.35 3.02 1.03 
0.9 2.215 0.00 0.00 1.35 1.00 4.0 109.41 1.30 
0.40 1.35 4.00 1.01 
0.7 2.250 0.00 0.00 1.22 1.00 0.0 373.13 362.32 0.00 
1.22 0.00 1.00 
0.7 2.250 0.00 0.00 1.22 1.00 0.5 289.02 74.40 
0.15 1.22 0.50 1.00 
0.7 2.250 0.00 0.00 1.22 1.00 1.0 155.76 15.10 
0.30 1.22 1.00 1.00 
0.7 2.250 0.00 0.00 1.22 1.00 2.0 37.75 3.48 
0.60 1.23 1.99 1.02 
2.250 0.00 0.00 1.22 1.00 3.0 13.83 1.85 0.90 1.22 
3.02 1.03 
0. 7 · 
0.7 2.250 0.00 0.00 1.22 1.00 4.0 6.67 1.30 1.20 
1.24 4.00 1.01 
0.5 2.350 0.00 0.00 1.12 1.00 0.0 370.37 362.32 
0.00 1.12 0.00 1.00 
0.5 2.350 0.00 0.00 1.12 1.00 0.5 162.87 74.40 
0.25 1.12 0.50 1.00 
0.5 2.350 0.00 0.00 1.12 1.00 1.0 50.81 15.10 
0.50 1.12 1.00 1.00 
0.5 2.350 0.00 0.00 1.12 1.00 2.0 9.44 3.48 
1.00 1.13 1.99 1.02 
0.5 2.350 0.00 0.00 1.12 1.00 3.0 4.21 1.85 1.50 
1.15 3.02 1.03 
• 0.5 2.350 0.00 0.00 1.12 1.00 4.0 2.76 1.30 
2.00 1.16 4.00 1.01 
0.3 2.550 0.00 0.00 1.04 1.00 0.0 370.37 362.32 0.00 
1.04 0.00 1.00 
0.3 2.550 0.00 0.00 1.04 1.00 0.5 101.01 74.40 0.35 
1.04 0.50 1.00 
0.3 2.550 0.00 0.00 1.04 1.00 1.0 24.11 15.10 
0.70 1.05 1.00 1.00 
0.3 2.550 0.00 0.00 1.04 1.00 2.0 5.07 3.48 1.40 
1.06 1.99 1.02 
0.3 2.550 0.00 0.00 1.04 1.00 3.0 2.56 1.85 
2.10 1.08 3.02 1.03 
0.3 2.550 0.00 0.00 1.04 1.00 4.0 1.79 1.30 
2.82 1.08 4.00 1.01 
0.1 2.850 0.00 0.00 1.01 1.00 0.0 362.32 362.32 0.00 
1.01 0.00 1.00 
0.1 2.850 0.00 0.00 1.01 1.00 0.5 81.17 74.40 0.45 
1.01 0.50 1.00 
0.1 2.850 0.00 0.00 -1. 01 1.00 1.0 16.67 15.10 0.90 
1.01 1.00 1.00 
0.1 2.850 0.00 0.00 1.01 1.00 2.0 3.80 3.48 1.80 
1.03 1.99 1.02 
0.1 2.850 0.00 0.00 1.01 1.00 3.0 2.00 1.85 
2.72 1.03 3.02 1.03 
0.1 2.850 0.00 0.00 1.01 1.00 4.0 1.44 1.30 3.60 
1.01 4.00 1.01 








THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT 
Limit **BEFORE SHIFT HAS OCCURED** 
ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z 
***AFTER THE SHIFT HAS OCCURED*** 
----------------------------------------------------------------------------------------------------------
: 
-0.1 3.145 0.00 0.00 1.01 1.00 0.0 373.13 362.32 0.00 1.01 0.00 
1.00 
-0.1 3.145 0.00 0.00 1.01 1.00 0.5 72.78 74.40 0.55 1.01 0.50 
1.00 
-0.1 3.145 0.00 0.00 1.01 1.00 1.0 14.33 15.10 1.10 1.01 1.00 
1.00 
-0.1 3.145 0.00 0.00 1.01 1.00 2.0 3. 29 3.48 2.19 1.02 1.99 
1.02 
-0.1 3.145 0.00 0.00 1.01 1.00 3.0 1.75 1.85 3.33 1.04 3.02 
1.03 
-0.1 3.145 0.00 0.00 1.01 1.00 4.0 1.23 1.30 4.40 1.01 4.00 
1.01 
-0.3 3.380 0.00 0.00 1.05 1.00 0.0 373.13 362.32 0.00 1.05 0.00 
1.00 
-0.3 3.380 0.00 0.00 1.05 1.00 0.5 70.32 74.40 0.65 1.05 0.50 
1.00 
-0.3 3.380 0.00 0.00 1.05 1.00 1.0 13.10 15.10 1.30 1.05 1.00 
1.00 
-0.3 3.380 0.00 0.00 1.05 1.00 2.0 3.02 3.48 2.59 1.07 1.99 
1.02 
-Ol3 3.380 0.00 0.00 1.05 1.00 3.0 1.59 1.85 3.92 1.07 
3.02 1.03 
' 
-0.3 3.380 0.00 0.00 1.05 1.00 4.0 1.12 1.30 5.19 1.06 4.00 
1.01 
-0.5 3.520 0.00 0.00 1.12 1.00 0.0 362.32 362.32 0.00 1.12 0.00 
1.00 
-0.5 3.520 0.00 0.00 1.12 1.00 0.5 66.76 74.40 0.75 1.12 0.50 
1.00 
-0.5 3.520 0.00 0.00 1.12 1.00 1.0 12.47 15.10 1.50 1.13 
1.00 1.00 
. 2.83 3.48 2.99 1.15 1.99 1.02 
-0.5 3.520 0.00 0.00 1.12 1.00 2.0 
. 
• 
-0.5 3.520 0.00 0.00 1.12 1.00 3.0 1.51 1.85 4.52 1.11 
3.02 1.03 
-0.5 3.520 0.00 0.00 1.12 1.00 4.0 1.09 1.30 5.99 1.14 
4.00 1.01 
-0.7 3.580 0.00 0.00 1.22 1.00 0.0 364.96 362.32 0.00 1.22 0.00 
1.00 
-0.7 3.580 0.00 0.00 1.22 1.00 0.5 63.05 74.40 0.85 1.[J 0.50 1.00 
-0.7 3.580 0.00 0.00 1.22 1.00 1.0 11.89 15.10 1.70 1.24 
1.00 1.00 
-0.7 3.580 0.00 0.00 1.22 1.00 2.0 2.71 3.48 3.40 1. 
1.99 1.02 
-0.7 3.580 0.00 0.00 1.22 1.00 3.0 1.46 1.84 5.11 1.21 3.02 
1.03 
-0.7 3.580 0.00 0.00 1.22 1.00 4.0 1.06 1.30 6.79 1.22 
4.00 1.01 
TABLE 10 
MA (1) Model 
********** CONTROL LIMIT FACTOR FOR Zs• 2.99********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE OUTPUT 
ALPHAYEALPHAZ•0.0027 
LAMBDA= 0.50 GEOMETRIC MOVING AVERAGE CHART 
------------------------------------------------------------------------------------------------------
--
THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT ARLY 
ARLZ Av.Y~ Av.Z Sd.Y Sd.Z 
Limit **BEFORE SHIFT HAS OCCURED** 
***AFTER THE SHIFT HAS OCCURED*** 
------------------------------------------------------------------------------------------------------
----
0.9 2.215 0.00 0.00 1.35 1.00 0.0 
362.32 362.32 0.00 1.35 0.00 1.00 
0.9 2.215 0.00 0.00 1.35 1.00 0.5 
73.31 1.07 0.50 1.35 4.99 1.01 
0.9 2.215 0.00 0.00 1.35 1.00 1.0 
12.95 1.00 1.00 1.34 9.98 1.01 
0.9 2.215 0.00 0.00 1.35 1.00 2.0 
3.23 1.00 2.00 1.38 19.99 1.01 
0.9 2.215 0.00 0.00 1.35 1.00 3.0 
1.93 1.00 3.00 1.40 30.00 1.01 
0.9 2.215 0.00 0.00 1.35 1.00 4.0 
1.43 1.00 4.00 1.37 40.01 1.01 
0.7 2.250 0.00 0.00 1.22 1.00 0.0 
373.13 362.32 0.00 1.22 0.00 1.00 
0.7 2.250 0.00 0.00 1.22 1.00 0.5 
58.34 4.81 a.so 1.22 1.67 1.02 
0.7 2.250 0.00 0.00 1.22 1.00 1.0 
10.41 1.64 1.00 1.23 3.35 1.03 
0.7 2.250 0.00 0.00 1.22 1.00 2.0 
2.89 1.00 2.00 1.26 6.64 1.01 
• 1.00 1.27 
0.7 2.250 0.00 0.00 · 1. 22 1.00 3.0 
1.74 3.01 9.98 1.01 
0.7 2.250 0.00 0.00 1.22 1.00 4.0 
1.31 1.00 4.00 1.25 13.32 1.01 
0.5 2.350 0.00 0.00 1.12 1.00 0.0 
370.37 362.32 0.00 1.12 0.00 1.00 
0.5 2.350 0.00 0.00 1.12 1.00 0.5 
50.81 15.10 0.50 1.12 1.00 1.00 
0.5 2.350 0.00 0.00 1.12 1.00 1.0 
9.44 3.48 1.00 1.13 1.99 1.02 
0.5 2.350 0.00 0.00 1.12 1.00 2.0 
2.76 1.30 2.00 1.16 4.00 1.01 
0.5 2.350 0.00 0.00 1.12 1.00 3.0 
1.65 1.01 3.01 1.16 5.98 1.01 
0.5 2.350 0.00 0.00 1.12 1.00 4.0 
1.23 1.00 4.00 1.14 7.98 1.01 
0.3 2.550 0.00 0.00 1.04 1.00 0.0 
370.37 362.32 0.00 1.04 0.00 1.00 
0.3 2.550 0.00 0.00 1.04 1.00 0.5 
50.25 35.20 0.50 1.04 0.71 1.01 
0.3 2.550 0.00 0.00 1.04 1.CO 1.0 
10.12 6.59 1.00 1.05 1.44 1.01 
0.3 2.550 0.00 0.00 1.04 · 1. 00 2.0 
2.79 1.96 2.00 1.08 2.88 1.02 
0.3 2.550 0.00 0.00 1.04 1.00 3.0 
1.66 1.20 3.01 1.08 4.29 1.01 
0.3 2.550 0.00 0.00 1.04 1.00 4.0 
1.21 1.02 4.00 1.06 5.69 1.02 
0.1 2.850 0.00 0.00 1.01 1.00 0.0 362.32 
362.32 0.00 1.01 0.00 1.00 
0.1 2.850 0.00 0.00 1.01 1.00 0.5 65.36 
60.39 0.50 1.01 0.55 1.00 
0.1 2.850 0.00 0.00 1·. 01 1.00 1.0 
13.26 11.57 1.00 1.01 1.11 1.01 
0.1 2.850 0.00 0.00 1. 01 jY 1.00 2.0 
3.22 2.90 1.99 1.03 2.22 1.03 
0.1 2.850 0.00 0.00 1.g1 1.00 3.0 1.76 1.64 3.02 1.04 3.35 
1.03 
0.1 2.850 0.00 0.00 1. 1 1.00 4.0 













THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT ARLY ARLZ Av.Y Av.Z Sd.Y 
Sd.Z 







-0.1 3.145 0.00 0.00 1.01 1.00 0.0 373.13 362.32 0.00 1.01 
0.00 1.00 
-0.1 3.145 0.00 0.00 1.01 1.00 0.5 86.51 86.81 0.50 1.01 0.4
5 1.00 
-0.1 3.145 0.00 0.00 1.01 1.00 1.0 18.30 18.99 0.99 1.01 
0.90 1.01 
-0.1 3.145 0.00 0.00 1.01 1.00 2.0 3.87 4.13 2.00 1.03 
1.81 1.02 
-0.1 3.145 0.00 0.00 1.01 1.00 3.0 1.98 2.08 3.03 1.02. 
2.74 1.02 
-0.1 3.145 0.00 0.00 1.01 1.00 4.0 1.36 1.47 4.01 1.02 3.
65 1.01 
-0.3 3.380 0.00 0.00 1.05 1.00 0.0 373.13 362.32 0.00 1.05 
0.00 1.00 
-0.3 3.380 0 .. 00 0.00 1.05 1.00 0.5 107.99 114.94 0.50 1.05 0.3
8 1.00 
-0.3 3.380 0.00 0.00 1.05 1.00 1.0 25.67 27.78 0.99 1.05 
0.77 1.01 
-0.3 3.380 0.00 0.00 1.05 1.00 2.0 4.90 5.67 2.01 1.06 
1.54 1.02 
-0.3 3.380 0.00 0.00 1.05 1.00 3.0 2.33 2.71 3.00 1.06 
2.31 1.03 
-0.3 3.380 0.00 0.00 1.05 1.00 4.0 1.54 1.78 4.02 1.06 3.
10 1.03 
-0.5 3.520 0.00 0.00 1.12 1.00 0.0 362.32 362.32 0.00 1.12 
0.00 1.00 
-0.5 3.520 0.00 0.00 1.12 1.00 0.5 132.63 138.12 0.50 1.12 
0.33 1.00 
-0.5 3.520 0.00 0.00 1.12 1.00 1.0 34.44 41.12 1.00 1.13 0.
66 1.00 
-0.5 3.520 0.00 · 0. 00 1.12 1.00 2.0 6.30 
. 
7.61 2.01 1.13 1.35 1.02 • 
-0.5 3.520 0.00 0.00 1.12 1.00 3.0 2.83 3.48 2.99 1.15 
1.99 1.02 
-0.5 3.520 0.00 0.00 1.12 1.00 4.0 1.76 2.14 4.04 1.14 
2.68 1.02 
-0.7 3.580 0.00 0.00 1.22 1.00 0.0 364.96 362.32 0.00 1.22 
0.00 1.00 
-0.7 3.580 0.00 0.00 1.22 1.00 0.5 146.20 157.23 0.50 1.22 
0.29 1.00 
-0.7 3.580 0.00 0.00 1.22 1.00 1.0 44.12 · 53. 59 1.00 1.22 
0.59 1.00 
-0.7 3.580 0.00 0.00 1.22 1.00 2.0 8.06 10.23 2.02 1.24 
1.18 1.01 
-0.7 3.580 0.00 0.00 1.22 1.00 3.0 3.52 4.37 2.99 1.24 
1.77 1.02 









********** CONTROL LIMIT FACTOR FOR Zs• 2.99********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE INPUT 
ALPHAY=ALPHAZ•0.0027 
LAMBDA= 0.50 GEOMETRIC MOVING AVERAGE CHART 
--------------------------------------------------------------------------------------------------------THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z 
Limit **BEFORE SHIFT HAS OCCURED** ***AFTER THE SHIFT HAS OCCURED*** 
----------------------------------------------------------------------------------------------------------
0.9 4.450 -.01 0.00 2.33 1.00 0.0 364.96 362.32 -0.01 2.33 0.00 1.00 
0.9 4.450 -.01 0.00 2.33 1.00 0.5 7.86 74.40 5.13 2.38 0.50 1.00 
0.9 4.450 -.01 0.00 2.33 1.00 1.0 1.81 15.10 10.23 2.18 1.00 1.00 
0.9 4.450 -.01 0.00 2.33 1.00 2.0 1.00 3.48 19.75 2.12 1.99 1.02 
0.9 4.450 -.01 0.00 2.33 1.00 3.0 1.00 1.85 29.76 2.12 3.02 1.03 
0.9 4.450 -.01 0.00 2.33 1.00 4.0 1.00 1.30 39.77 2.12 4.00 1.01 
0.7 4.130 0.00 0.00 1.41 1.00 0.0 370.37 362.32 0.00 1.41 0.00 1.00 
0.7 4.130 0.00 0.00 1.41 1.00 0.5 30.87 74.40 1.66 1.42 0.50 1.00 
0.7 4.130 0.00 0.00 1.41 1.00 1.0 5.20 15.10 3.36 1.42 1.00 1.00 
0.7 4.130 0.00 0.00 1.41 1.00 2.0 1.48 3.48 6.69 1.38 1.99 1.02 
0.7 4.130 0.00 0.00 1.41 1.00 3.0 1.00 1.85 9.91 1.37 3.02 
• 1.03 
0.7 4.130 0.00 0.00 1.41 1.00 4.0 1.00 1.30 13.25 1.37 4.00 1.01 
0.00 0.00 1.16 1.00 0.0 373.13 0.5 3.750 362.32 0.00 1.16 0.00 1.00 
0.5 3.750 0.00 0.00 1.16 1.00 0.5 46.31 74.40 1.00 1.16 0.50 1.00 
0.5 3.750 0.00 0.00 1.16 1.00 1.0 8.19 15.10 2.02 1.18 1.00 1.00 
0.5 . 3. 7 50 0.00 0.00 1.16 1.00 2.0 2.02 3.48 4.04 1.15 1.99 1.02 
0.5 3.750 0.00 0.00 1.16 1.00 3.0 1.16 1. 85 _ 6.00 1.17 3.02 1.03 
0.5 3.750 0.00 0.00 1.16 1.00 4.0 1.00 1.30 7.95 1.14 4.00 1.01 
0.3 3.480 0.00 0.00 1.05 1.00 0.0 373.13 362.32 0.00 1.05 0.00 1.00 
0.3 3.480 0.00 0.00 1.05 1.00 0.5 63.86 74.40 0.71 1.05 0.50 1.00 
0.3 3.480 0.00 0.00 1.05 1.00 1.0 11.57 15.10 1.43 1.06 1.CO 1.00 
0.3 3.480 0.00 0.00 1.05 1.00 2.0 2.67 3.48 2.86 1.07 1.99 1.02 
0.3 3.480 0.00 0.00 1.05 1.00 3.0 1.47 1.85 4.30 1.05 3.02 1.03 
0.3 3.480 0.00 0.00 1.05 1.00 4.0 1.07 1.30 5.70 1.05 4.00 1.01 
0.1 3.150 0.00 0.00 1.01 1.00 0.0 . 367. 65 362.32 0.00 1.01 0.00 1.00 
0.1 3.150 0.00 0.00 1.01 1.00 0.5 71.33 74.40 0.55 1.01 0.50 1.00 
0.1 3.150 0.00 0.00 1.01 1.00 1.0 14.13 15.10 1.11 1.01 1.00 1.00 .,. 2. 21 e 0.1 3 ._150 -0. 00 0.00 1.01 1.00 2.0 3.25 3.48 1.03 1.99 1. 02" 
0.1 3.150 0.00 0.00 1.01 1.00 3.0 1.73 1.85 3.36 1.04 3.02 1.03 
0.1 3.150 0.00 0.00 1.01 1.00 ,- . 4. 0 1.22 1.30 0 4. 45 1.02 4.00 1.01 
,- ' 
,' • ': .:,. •', '.' ·'.,,'•/ ·, ·'t ., , 
• 









THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z 




-0.1 2.860 0.00 0.00 1.01 1.00 0.0 367.65 362.32 0.00 1.01 0.00 
1.00 
-0.1 2.860 0.00 0.00 1.01 1.00 0.5 81.57 74.40 0.45 1.01 0.50 1.0
0 
-0.1 2.860 0.00 0.00 1.01 1.00 1.0 16.45 15.10 0.91 1.01 1.00 
1.00 
-0.1 2.860 0.00 0.00 1.01 1.00 2.0 3.76 3.48 1.82 1.03 1.99 
1.02 
-0.1 2.860 0.00 0.00 1.01 1.00 3.0 2.00 1.85 2.75 1.03 3.02 
1.03 
-0.1 2.860 0.00 0.00 . 1. 01 1.00 4.0 1.42 1.30 3.64 1.02 4.00 
1.01 
-0.3 2.580 0.00 0.00 1.05 1.00 0.0 362.32 362.32 0.00 1.05 0.00 
1.00 
-0.3 2.580 0.00 0.00 1.05 1.00 0.5 92.25 74.40 0.38 1.05 0.50 
1.00 
-0.3 2.580 0.00 0.00 1.05 1.00 1.0 20.46 15.10 0.77 1.05 1.00 
1.00 
-0.3 2.580 0.00 0.00 1.05 1.00 2.0 4.42 3.48 1.54 1.07 1.99 
1.02 
-0.3 2.580 0.00 0.00 1.05 1.00 3.0 2.33 1.85 2.31 1.09 3.02
 1.03 
-0.3 2.580 0.00 0.00 1.05 1.00 4.0 1.65 1.30 3.09 1.09 4.00 
1.01 
-0.5 2.320 0.00 0.00 1.16 1.00 0.0 364.96 362.32 0.00 1.16 0.00 
1.00 
-0.5 2.320 0.00 0.00 1.16 1.00 0.5 105.71 74.40 0.33 1.16 0.50
 1.00 
-0.5 2.320 0.00 0.00 1.16 1.00 1.0 27.35 15.10 0.67 1.16 1.00
 1.00 
-0.5 2.320 0.00 -0. 00 1.16 1.00 2.0 5.37 3.48 1.34 1.18 1.99
 1.02 . • 
-0.5 2.320 0.00 0.00 1.16 1.00 3.0 2.76 1.85 2.00 1.20 3.02
 1.03 
-0.5 2.320 0.00 0.00 1.16 1.00 4.0 1.93 1.30 2.69 1.21 4.00
 1.01 
-0.7 2.160 0.00 0.00 1.41 1.00 0.0 364.96 362.32 0.00 1.41 0.
00 1.00 
-0.7 2.160 0.00 0.00 1.41 1.00 0.5 171.82 74.40 0.29 1.41 a
.so 1.00 
-0.7 2.160 0.00 0.00 1.41 1.00 1.0 57.34 15.10 0.59 1.41 1
.00 1.00 
-0.7 2.160 0.00 0.00 1.41 1.00 2.0 9.60 3.48 1.18 1.42 1
.99 1.02 
-0.7 2.160 0.00 0.00 1.41 1.00 3.0 3.92 1.85 1.76 1.44 3.0
2 1.03 
-0.7 2.160 0.00 0.00 1.41 1.00 4.0 2.52 1.30 2.35 1.48 4
.00 1.01 




********** CONTROL LIMIT FACTOR FOR Zs• 2.99********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE OUTPUT 
ALPHAY-ALPHAZ•0.0027 
LAMBDA• 0.50 GEOMETRIC MOVING AVERAGE CHART 
--------------------------------------------------------------------------------------------------------ARLZ Av.Y Av.Z Sd.Y Sd.Z THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT ARLY 
Limit **BEFORE SHIFT HAS OCCURED** ***AFTER THE SHIFT HAS OCCURED*** 
----------------------------------------------------------------------------------------------------------
.0. 9 4.450 -.01 0.00 2.33 1.00 0.0 364.96 362.32 -0.01 2.33 0.00 
1.00 
0.9 4.450 -.01 0.00 2.33 1.00 0.5 337.84 331.13 0.49 2.33 0.05 
1.00 
0.9 4.450 -.01 0.00 2.33 1.00 1.0 214.59 297.62 0.99 2.33 0.10 
1.00 
0.9 4.450 -.01 0.00 2.33 1.00 2.0 80.26 223.21 1.99 2.33 0.20 
1.00 
0.9 4.450 -.01 0.00 2.33 1.00 3.0 31.64 152.91 2.98 2.35 0.30 
1.00 
0.9 4.450 -.01 0.00 2.33 1.00 4.0 15.23 108.93 3.97 2.37 0.40 
1.00 
0.7 4.130 0.00 0.00 1.41 1.00 0.0 370.37 362.32 0.00 1.41 0.00 1.00 
0.7 4.130 0.00 0.00 1.41 1.00 0.5 229.36 264.55 0.50 1.41 0.15 
1.00 
0.7 4.130 0.00 0.00 1.41 1.00 1.0 91.24 152.91 1.00 1.41 0.30 1.00 
0.7 4.130 0.00 0.00 1.41 1.00 2.0 19.40 51.12 1.98 1 .• 3 0.60 
1.00 
0.7 4.130 0.00 0.00 1.41 1.00 3.0 6.64 19.41 3.03 1.42 0.90 
1.01 
0.7 4.130 0.00 0.00 1.41 1.00 4.0 3.56 9.81 3.99 1.42 1.20 
1.01 
0.5 3.750 0.00 0.00 1.16 1.00 0.0 373.13 362.32 0.00 1.16 0.00 
1.00 
0.5 3.750 0.00 0.00 1.16 1.00 0.5 146.63 186.57 0.50 1.16 0.25 
1.00 
0.5 3.750 0.00 0.00 1.16 1.00 1.0 46.31 74.40 1.00 1.16 0.50 
1.00 
0.5 3.750 0.00 0.00 1.16 1.00 2.0 8.19 15.10 2. 02 1.18 1.00 
1.00 
0.5 3.750 0.00 0.00 1.16 1.00 3.0 3.43 6.01 2.99 1.17 1.51 
1.02 
0.5 3.750 0.00 0.00 1.16 1.00 4.0 2.02 3.48 4.04 1.15 
1. 9·9 1.02 
0.3 3.480 0.00 0.00 1.05 1.00 0.0 373.13 362.32 0.00 1.05 0.00 
1.00 
o .• 3 3.480 0.00 0.00 1.05 1.00 0.5 116.82 129.87 0.50 1.05 0.35 1.00 
0.3 3.480 0.00 0.00 1.05 1.00 1.0 28.58 37.12 1.00 1.06 0.70 
1.01 
0.3 3.480 0.00 0.00 1.05 1.00 2.0 5.35 6.74 2.01 1.07 1.41 
1.01 
0.3 3.480 0.00 0.00 1.05 1.00 3.0 2.44 3.21 3.01 1.07 2.09 
1.02 
0.3 3.480 0.00 0.00 1.05 1.00 4.0 1.61 2.02 4.02 1.07 2.82 
1.02 
0.1 3.150 0.00 0.00 1.01 1.00 0.0 367.65 362.32 0.00 1.01 0.00 
1.00 
0.1 3.150 0.00 0.00 1.01 1.00 0.5 86.66 88.97 0.50 1.01 0.45 
1.00 
0.1 3.150 0.00 0.00 1.01 1.00 1.0 18.31 19.41 0.99 1.01 0.90 
1.01 
0.1 3.150 0.00 0.00 1·. 01 1.00 2.0 3.90 4.19 2.00 1.03 1.79 
1.02 
0.1 3.150 0.00 ·O. 00 1.01 1.00 3.0 1.98 2.11 3.03 1.02 2.71 
1.02 












THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT 
Limit **BEFORE SHIFT HAS OCCURED** 
ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z 
***AFTER THE SHIFT HAS OCCURED*** 
----------------------------------------------------------------------------------------------------------
-0.1 2.860 0.00 0.00 1.01 1.00 0.0 367.65 362.32 0.00 
1.01 0.00 1.00 
-0.1 2.860 0.00 0.00 1.01 1.00 0.5 66.93 61.80 0.50 
1.01 0.55 1.00 
-0.1 2.860 0.00 0.00 1.01 1.00 1.0 13.37 11.86 1.00 
1.01 1.10 1.01 
-0.1 2.860 0.00 0.00 1.01 1.00 2.0 3.25 2.94 1.99 
1.03 2.19 1.03 
-0.1 2.860 0.00 0.00 1.01 1.00 3.0 1.77 1.65 3.02 
1.04 3.31 1.03 
-0.1 2.860 0.00 0.00 1.01 1.00 4.0 1.27 1.17 4.00 
1.02 4.41 1.02 
-0.3 2.580 0.00 0.00 1.05 1.00 0.0 362.32 362.32 0.00 1.05 
0.00 1.00 
-0.3 2.580 0.00 0.00 1.05 1.00 0.5 54.23 43.16 0.50 
1.05 0.65 1.00 
-0.3 2.580 0.00 0.00 1.05 1.00 1.0 11.00 8.09 1.00 
1.06 1.31 1.02 
' 
-0.3 2.580 0.00 0.00 1.05 1.00 2.0 2.84 2.23 2.00 
1.08 2.61 1.02 
~•, 
-0.3 2.580 0.00 0.00 1.05 1.00 3.0 1.69 1.34 3.01 
1.09 3.91 1.02 
-0.3 2.580 0.00 0.00 1.05 1.00 4.0 1.23 1.04 4.00 
1.07 5.19 1.01 
-0.5 2.320 0.00 0.00 1.16 1.00 0.0 364.96 362.32 0.00 
1.16 0.00 1.00 
-0.5 2.320 0.00 0.00 1.16 1.00 0.5 53.13 30.62 0.50 
1.16 0.75 1.01 
-0.5 2.320 0.00 0.00 1.16 1.00 1.0 10.08 6.01 1.00 
1.17 1.51 1.02 
-0.5 2.320 0.00 0.00 1.16 1.00 
. 2.0 2.76 1.85 2.00 1.20 3.02 1.03 . 
-0.5 2.320 0.00 0.00 1.16 1.00 3.0 1.71 1.15 3.01 
1.20 4.50 1.02 
. -0. 5 2.320 0.00 0.00 1.16 1.00 4.0 1.28 1.01 4.00 
1.19 5.98 1.01 
-0.7 2.160 0.00 0.00 1.41 1.00 0.0 364.96 362.32 0.00 
1.41 0.00 1.00 
-0.7 2.160 0.00 0.00 1.41 1.00 0.5 77.40 22.10 0.50 
1.41 0.84 1.01 
-0.7 2.160 0.00 0.00 1.41 1.00 1.0 15.09 4.71 1.00 
1.41 1.70 1.01 
-0.7 2.160 0.00 0.00 1.41 1.00 2.0 3.16 1.60 1.99 
1.45 3.41 1.03 
-0.7 2.160 0.00 0.00 1.41 1.00 3.0 1.96 1.05 3.01 
1.49 5.09 1.01 
-0.7 2.160 0.00 0.00 1.41 1.00 4.0 1.50 1.00 
4 .·01 1.46 6.78 1.01 
• 
• 





Residuals of MA(l) Model Transformed to an AR(l)Model 
********** CONTROL LIMIT FACTOR FOR Zs~ 2.99********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE INPUT 
ALPHAX=O. 0 02.7 
LAMBDA• 0.50 GEOMETRIC MOVING AVERAGE CHART 







0.9 4.450 -0.01 2.33 0.0000 364.964 -0.0132 2.3319 
0.9 4.450 -0.01 2.33 0.5000 7.859 5.1254 2.3845 
0.9 4.450 -0.01 2.33 1.0000 1.813 10.2304 2.1815 
0.9 4.450 -0.01 2. 3'1 2.0000 1.005 19.7454 2.1191 
0.9 4.450 -0.01 2.33 3.0000 1.002 29.7624 2.1199 
0.9 4.450 -0.01 2.33 4.0000 1.002 39.7734 2.1201 
0.7 4. 130 0.00 1.41 0.0000 370.370 -0.0043 1.4137 
0.7 4.130 0.00 1.41 0.5000 30.867 1.6599 1.4248 
0.7 4.130 0.00 1.41 1.0000 5.204 3.3577 1.4174 
0.7 4.130 0.00 1.41 2.0000 1.477 6.6887 1.3761 
0.7 4.130 0.00 1.41 3.0000 1.005 9.911J 1.3b55 
0.7 4.130 0.00 1.41 4.0000 
, 1.001 13.2486 1.3660 
0.5 3.750 0.00 1.16 0.0000 373.134 -0.0026 1.1608 
0.5 3.750 0.00 1.16 0.5000 46.313 0.9957 1.1609 
0.5 3.750 0.00 1.16 1.0000 8.193 2.0246 1.1777 
0.5 3.750 0.00 1.16 2.0000 2.022 4.0362 1.1539 
0.5 3.750 0.00 1.16 3.0000 1.159 6.0012 1.1698 
0.5 3.750 0.00 1.16 4.0000 1.003 7.9480 1.1424 
0.3 3.480 0.00 1.05 0.0000 373.134 -0.0018 1.0510 
0.3 3.480 0.00 1.05 0.5000 63.857 0.7125 1.0510 
0.3 3.480 0.00 1.05 1.0000 11.573 1.4316 1.0607 
0.3 3.480 0.00 1.05 2.0000 2.666 2.8608 1.0745 
0.3 3.480 0.00 1.05 3.0000 1.474 4.2954 1.0493 
0.3 3.480 0.00 1.05 4.0000 1.072 5.7002 1.0518 
0.1 3.150 0.00 1.01 0.0000 367.647 -0.0014 1.0062 
0.1 3.150 0.00 1.01 0.5000 71.327 0.5541 1.0062 
0.1 3.150 0.00 1.01 1.0000 14.131 1.1102 1.0121 
0.1 3.150 0.00 1.01 2.0000 3.254 2.2111 1.0253 
0.1 I 3 .150 0.00 1:01 3.0000 1.734 3.3593 1.0361 
0.1 3.150 0.00 1. 0.1 4.0000 1.217 4.4501 1.0164 
: . ~ .... 
1i 
... 
..... ~---···---·-- ...... , ......... ·- - ........... -· ______ ., ................ - ... , ...... -
. ·- - -·· .. ' --- .. - .. 
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TABLE 13 
------------------------------------------------------------------------------ARLX Av.X Sd.X 
****AFTER SHIFT**** 
THET Contrl Av.X Sd.X SHIFT Limit ***BEFORE SHIFT*** 
------------------------------------------------------------------------------
-0.1 2.860 0.00 1.01 0.0000 367.647 -0.0012 1.0059 
-0.1 2.860 0.00 1.01 0.5000 81.566 0.4534 1.0059 
-0.1 2.860 0.00 1.01 1.0000 16.454 0.9079 1.0091 
-0.1 2.860 0.00 1.01 2.0000 3.762 1.8174 . 1.0260 
-0.1 2.860 0.00 1.01 3.0000 1.996 2.7465 1.0308 
-0.1 2.860 0.00 1.01 4.0000 1.425 3.6405 1.0153 
-0.3 2.580 0.00 1.05 0.0000 362.319 -0.0010 1.0504 
-0.3 2.580 0.00 1.05 0.5000 92.251 0.3836 1.0504 
-0.3 2.580 0.00 1.05 1.0000 20.458 0.7652 1.0539 2.580 0.00 1.05 2.0000 4.417 1.5397 1.0697 ' -0.3 
-0.3 2.580 0.00 1.05 3.0000 2.332 2.3106 1.0874 
-0.3 2.580 0.00 1.05 4.0000 1.649 3.0889 1.0872 
-0.5 2.320 0.00 1.16 0.0000 364.964 -0.0009 1.1597 
-0.5 2.320 0.00 1.16 0.5000 105.708 0.3325 1.1597 
-0.5 2.320 0.00 1.16 1.0000 27.352 0.6656 1.1627 
• 
-0.5 2.320 0.00 1.16 2.0000 5.373 1.3376 1.1837 
-0.5 2.320 0.00 1.16 3.0000 2.758 1.9992 1.2036 
-0.5 2. 320 0.00 1.16 4.0000 1.928 2.6859 1.2107 
-0.7 2.160 0.00 1.41 0.0000 364.964 -0.0008 1.4115 
-0.7 2.160 0.00 1.41 0.5000 171.821 0.2933 1.4115 
-0.7 2.160 0.00 1.41 1.0000 57.339 0.5800 1.4468 
-0.7 2.160 0.00 1.41 2.0000 9.600 1.1789 1.4133 
-0.7 2.160 0.00 1.41 3.0000 3.919 1.7645 1.4355 







......:~ ·- ' 
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TABLE 14 
Residuals of MA(l) Model TransfoLmed to an AR(l)Model 
********** CONTROL LIMIT FACTOR FOR Zs• 2.99********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE OUTPUT 
ALPHAX=0.0027 




ARLX Av.X Sd.X 
THET Contrl 
Limit 







0.9 4.450 -0.01 2.33 0.0000 364.
964 -0.0132 2.3319 
0.9 4.450 -0.01 2.33 0.5000 
1.007 49.7720 2.1213 
0.9 4.450 -0.01 2.33 1.0000 
1.004 99.8359 2.1218 
0.9 4.450 -0.01 2.33 2.0000 
1.003 199.9468 2.1314 
0.9 4.450 -0.01 2.33 3.0000 
1.003 300.0572 2.1457 
0.9 4.450 -0.01 2.33 4.0000 1.
002 400.1707 2.1651 
0.7 4.130 0.00 1.41 0.0000 
370.370 -0.0043 1.4137 
0.7 4.130 0.00 1.41 0.5000 
1.856 5.6390 1.3916 
0.7 4.130 0.00 1.41 1.0000 
1.004 11.0243 1.3662 
0.7 4.130 0.00 1.41 2.0000 
1.002 22.1454 1.3665 
o;7 4.130 0.00 1.41 3.0000 1
.002 33.2688 1.3668 
0.7 4.130 0.00 1.41 4.0000 
1.002 44.3923 1.3672 
0.5 3.750 0.00 1.16 0.0000 
373.134 -0.0026 1.1608 
0.5 3.750 0.00 1.16 0.5000 
8.193 2.0246 1.1777 
0.5 3.750 0.00 1.16 1.0000 
2.022 4.0362 1.1539 
0.5 3.750 0.00 1.16 2.0000 
1.004 7.9504 1.1439 
0.5 3.750 0.00 1.16 3.0000 
1.002 11.9514 1.1426 
0.5 3.750 0.00 1.16 4.0000 
1.002 15.9558 1.1426 
0.3 3.480 0.00 1.05 0.0000 3
73.134 -0.0018 1.0510 
0.3 3.480 0.00 1.05 0.5000 
27.404 1.0180 1.0597 
0.3 3.480 0.00 1.05 1.0000 
5.139 2.0463 1.0642 
0.3 3.480 0.00 1.05 2.0000 
1.572 4.0957 1.0674 
0.3 3.480 0.00 1.05 3.0000 
1.035 6.1007 1.0505 
0.3 3.480 0.00 1.05 4.0000 
1.001 8.1286 1.0489 
0.1 3.150 0.00. 1.0]; 0.0000 367.647 
-0.0014 1.0062 
0.1 3.150 0.00 1.01 0.5000 
59 .-382 0.6159 1.0062 
0.1 3.150 0.00 1.01 1.0000 10
.773 1.2352 1.0136 
0.1 3.150 0.00 1.01 2.0000 2.662
 2.4712 1.0331 
0.1 3.150 0.00 1.01 3.0000 1:
s11 3.7212 1.0123 
0.1 3.150 0.00 1.01 4 •. 0000 1.
108 4.9287 1. 0289- · 
• 
- . 
, " . 
.... ~ 
~· .. - . 
















SHIFT ARLX Av.X Sd.X 
****AFTER SHIFT**** 
,_--------------------.---------------------------------------._.------------------------1.0059 
-0.1 2.860 0.00 1.01 0.0000 367.647 -0.0012 
-0.1 2.860 0.00 1.01 0.5000 95.602 0.4121 1.0059 
-0.1 2.860 0.00 1.01 1.0000 20.933 0.8222 1.0116 
-0.1 2.860 0.00 1.01 2.0000 4.527 1.6546 1.0205 
-0.1 2.860 0.00 1.01 3.0000 2.274 2.4848 1.0314 
-0.1 2.860 0.00 1.01 4.0000 1.598 3.3172 1.0332 
-0.3 2.580 0.00 1.05 0.0000 362.319 -0.0010 1.0504 
-0.3 2.580 0.00 1.05 0.5000 140.449 0. 294 9 1.0504 
-0.3 2.580 0.00 1.05 1.0000 37.571 0.5898 1.0541 
-0.3 2.580 0.00 1.05 2.0000 7.309 1.1917 1.0682 
-0.3 2.580 0.00 1.05 3.0000 3.510 1.7692 1.0760 
-0.3 2.580 0.00 1.05 4.0000 2.249 2.3718 1.0831 
-0.5 2.320 0.00 1.16 0.0000 364.964 -0.0009 1.1597 
-0.5 2.320 0.00 1.16 0.5000 170.6.48 0.2213 1.1597 
-0.5 2.320 0.00 1.16 1.0000 66.845 0.4436 1.1597 
-0.5 2.320 · 0. 00 1.16 2.0000 13.656 0.8902 1.1588' 
-0.5 2.320 0.00 1.16 3.0000 5.373 1.3376 1.1837 
-0.5 2.320 0.00 1.16 4.0000 3.337 1.7700 1.1928 
-0.7 2.160 0.00 1.41 0.0000 364.964 -0.0008 1.4115 
-0.7 2.160 0.00 1.41 0.5000 267.380 0.1722 1.4115 
-0.7 2.160 0.00 1.41 1.0000 143.266 0.3452 1.4115 
-0.7 2.160 0.00 1.41 2.0000 39.419 0.6907 1.4153 
-0. 7 2.160 0.00 1.41 3.0000 13.567 1.0393 1.4082 
-0.7 2.160 0.00 1.41 4.0000 6.419 1.3888 1.4353 
• 
. . . ' ... 
TABLE 15 
Residuals of AR(l) Model Transfotn.ed to an MA(l)Model 
********** CONTROL LIMIT FACTOR FOR Zs• 2.99********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE INPUT 
ALPHAX•0.0027 
LAMBDA• 0.50 GEOMETRIC MOVING AVERAGE CHART 







0.9 2.215 0.00 1.35 0.0000 362.319 -0.0002 1.3457 
0.9 2.215 0.00 1.35 0.5000 359.712 0.0498 1.3457 
0.9 2.215 0.00 1.35 1.0000 340.136 0.0998 1.3457 
0.9 2.215 0.00 1.35 2.0000 279.330 0.1998 1.3457 
0.9 2.215 0.00 1.35 3.0000 181.818 0.2998 1.3457 
0.9 2.215 0.00 1.35 4.0000 109.409 0.3998 1.3457 
0.7 2.250 0.00 1.22 0.0000 373.134 -0.0004 1.2210 
0.7 2.250 0.00 1.22 0.5000 289.017 0.1496 1.2210 
0.7 2.250 0.00 1.22 1.0000 155.763 0.2996 1.2210 
0.7 2.250 0.00 1.22 2.0000 37.748 0.5993 1.2255 
0.7 2.250 0.00 1.22 3.0000 13.833 0.9000 1.2182 
0.7 2.250 0.00 1.22 4.0000 6.672 1.2034 1.2412 
0.5 2.350 0.00 1.12 0.0000 370.370 -0.0007 1.1185 
0.5 2.350 0.00 1.12 0.5000 162.866 0.2493 1.1185 
0.5 2.350 0.00 1.12 1.0000 50.813 0.4993 1.1185 
0.5 2.350 0.00 1.12 2.0000 9.440 1.0031 1.1281 
0.5 2.350 0.00 1.12 3.0000 4.208 1.4979 1.1450 
0.5 2.350 0.00 1.12 4.0000 2.758 1.9996 1.1567 
0.3 2.550 0.00 1.04 0.0000 370.370 -0.0009 1.0446 
0.3 2.550 0.00 1.04 0.5000 101.010 0.3491 1.0446 
0.3 2.550 0.00 1.04 1.0000 24.115 0.6956 1.0471 
0.3 2.550 0.00 1.04 2.0000 5.065 1.4026 1.0642 
0.3 2.550 0.00 1.04 3.0000 2.558 2.1005 1.0800 
0.3 2.550 0.00 1.04 4.0000 1.786 2.8163 1.0800 
0.1 2.850 0.00 1.01 0.0000 362.319 -0.0012 1.0057 
0.1 2.850 0 •. 00 1. O)r 0.5000 81.169 0.4488 1.0057 
0.1 2. a-so 0.00 1.01 1.0000 16.670 0.8988 1.0084 
0.1 2.850 0.00 1.01 2.0000 3.801 1.8017 1.0264 
0.1 2.850 0.00 1.01 3.0000 2.001 2.7181 1.0298 
0.1 2.850 0.00 1.01 4.0000 1.438 3. 60,48 1.0141 
















THET Contrl Av.X Sd.X SHIFT ARLX Av.X Sd.X 
Limit ***BEFORE SHIFT*** ****AFTER SHIFT**** 
-------------... -------------------------...,.--------------------------------------
-0.1 3.145 0.00 1.01 0.0000 373.134 -0.0014 1.0060 
-0.1 3.145 0.00 1.01 0.5000 72.780 0.5486 1.0060 
-0.1 3.145 0.00 1.01 1.0000 14.327 1.0996 1.0110 
-0.1 3.145 0.00 1.01 2.0000 3.290 2.1876 1.0250 
-0.1 3.145 0.00 1.01 3.0000 1.746 3.3274 1.0354 
-0.1 3.145 0.00 1.01 4.0000 1.231 4.4049 1.0137 
-0.3 3.380 0.00 1.05 0.0000 373.134 -0.0017 1.0453 
-0.3 3.380 0.00 1.05 0.5000 70.323 0.6484 1.0453 
-0.3 3.380 0.00 1.05 1.0000 13.105 1.3012 1.0530 
-0.3 3.380 0.00 1.05 2.0000 3.019 2.5856 1.0663 
-0.3 3.380 0.00 1.05 3.0000 1.586 3.9193 1.0670 
-0.3 3.380 0.00 1.05 4.0000 1.117 5.1858 1.0624 
-0.5 3.520 0.00 1.12 0.0000 362.319 -0.0019 1.1195 
-0.5 3.520 0.00 1.12 0.5000 66.756 0.7481 1.1195 
-0.5 3.520 0.00 1.12 1.0000 12.471 1.5011 1.1287 
. 
-0.5 3.520 0.00 1.12 2.0000 ·2.829 2.9913 1.1481 
. 
-0.5 3.520 0.00 1.12 3.0000 1.512 4.5227 1.1140 
-0.5 3.520 0.00 1.12 4.0000 1.086 5.9909 1.1375 
-0.7 3.580 0.00 1.22 0.0000 364.964 -0.0022 1.2224 
-0.7 3.580 0.00 1.22 0.5000 63.052 0.8479 1.2224 
-0.7 3.580 0.00 1.22 1.0000 11.890 1.7044 1.2367 
-0.7 3.580 0.00 1.22 2.0000 2.714 3.3995 1.2494 
-0.7 3.580 0.00 1.22 3.0000 1.455 5.1122 1.2126 







., . .. L 
.. 
TABLE 16 
Residuals of AR(l) Model Transformed to an MA(l)Model 
********** CONTROL LIMIT FACTOR FOR Zs• 2.99********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE OUTPUT 
ALPHAX=0.0027 
LAMBDA• 0.50 GEOMETRIC MOVING AVERAGE CHART 
ARLX Av.X Sd.X 
------------------------------------------------------------------------------Contrl 
Limit 
Av.X Sd.X SHIFT THET 
***BEFORE SHIFT*** ****AFTER SHIFT**** 
------------------------------------------------------------------------------
0.9 2.215 0.00 1.35 0.0000 362.319 -0.0002 1.3457 
0.9 2.215 0.00 1.35 0.5000 359.712 0.0048 1.3457 
0.9 2.215 0.00 1.35 1.0000 362.319 0.0098 1.3457 
0.9 2.215 0.00 1.35 2.0000 352.113 0.0198 1.3457 
0.9 2.215 0.00 1.35 3.0000 349.650 0.0298 1.3457 
0.9 2.215 0.00 1.35 4.0000 354.610 0.0398 1.3457 
0.7 2.250 0.00 1.22 0.0000 373.134 -0.0004 1.2210 
0.7 2.250 0.00 1.·22 0.5000 362.319 0.0446 1.2210 
0.7 2.250 0.00 1.22 1.0000 322.581 0.0896 1.2210 
0.7 2.250 0.00 1.22 2.0000 248.756 0.1796 1.2210 
0.7 2.250 0.00 1.22 3.0000 174.825 0.2696 1.2210 
0.7 2.250 0.00 1.22 4.0000 111.607 0.3596 1.2210 
0.5 2.350 0.00 1.12 0.0000 370.370 -0.0007 1.1185 
0.5 2.350 0.00 1.12 0.5000 280.899 0.1243 1.1185 
0.5 2.350 0.00 1.12 1.0000 162.866 0.2493 1.1185 
0.5 2.350 0.00 1.12 2.0000 50.813 0.4993 1.1185 
0.5 2.350 0.00 1.12 3.0000 18.570 0.7479 1.1205 
0.5 2.350 0.00 1.12 4.0000 9.435 1.0029 1.1281 
0.3 2.550 0.00 1.04 0.0000 370.370 -0.0009 1.0446 
0.3 2.550 0.00 1.04 0.5000 166.667 0.2441 1.0446 
0.3 2.550 0.00 1.04 1.0000 52.632 0.4891 1.0446 
0.3 2.550 0.00 1.04 2.0000 10.663 0.9812 1.0492 
0.3 2.550 0.00 1.04 3.0000 4.650 1.4689 1.0627 
0.3 2.550 0.00 1.04 4.0000 2.883 1.9554 1.0793 
0.1 2.850 0.00 1.01 0.0000 362.319 -0.0012 1.0057 
0.1 2.850 0~00 1.01 0.5000 97.276 0.4038 1.0057 
0.1 2.850 0.00 1.01 1.0000 21.779 0.8054 1.0116 
0.1 2.850 0.00 1.01 2.0000 4.695 1.6184 1.0205 
0.1 2.850 0.00 1.01 3.0000 2.334 2.4332 1.0345 














SHIFT ARLX Av.X Sd.X 
****AFTER SHIFT**** 
------------------------------------------------------------------------------
-0.1 3.145 0.00 1.01 0.0000 373.134 -0.0014 
1.0060 
-0.1 3.145 0.00 1.01 0.5000 61.350 0.6036 
1.0060 
-0.1 3.145 0.00 1.01 1.0000 11.193 1.2101 
1.0129 
-0.1 3.145 0.00 1.01 2.0000 2.741 2.4200 
1.0334 
-0.1 3.145 0.00 1.01 3.0000 1.561 3.6461 
1.0254 
-0.1 3,145 0.00 1.01 4.0000 1.114 4.8286 
1.0271 
-0.3 3.380 0.00 1.05 0.0000 373.134 -0.0017 
1.0453 
-0.3 3.380 0.00 1.05 0.5000 39.174 0.8431 
1.0490 
-0.3 3.380 0.00 1.05 1.0000 7.129 1.7074 
1.0601 
-0.3 3.380 0.00 1.05 2.0000 1.919 3.4189 
1.0603 
-0.3 3.380 0.00 1.05 3.0000 1.144 5.0711 
1.0615 
-0.3 3.380 0.00 1.05 4.0000 1.003 6.7284 
1.0466 
-0.5 3.520 0.00 1.12 0.0000 362.319 -0.0019 
1.1195 
-0.5 3.520 0.00 1.12 0.5000 25.980 1.1183 
1.1292 
-0.5 3.520 0.00 1.12 1.0000 4.925 2.2581 
1.1300 
-0.5 3.520 0.00 1.12 2.0000 1.512 
·4. 5227 ·1.1140 
-0.5 3.520 0.00 1.12 3.0000 1.026 6.7250 
1.1163 
-0.5 3.520 0.00 1.12 4.0000 1.001 8.9642 
1.1152 
-0.7 3.580 0.00 1.22 0.0000 364.964 -0.0022 
1.2224 
-0.7 3.580 0.00 1.22 0.5000 18.467 1.4371 
1.2345 
-0.7 3.580 0.00 1.22 1.0000 3.713 2.8888 
1.2407 
-0.7 3.580 0.00 1.22 2.0000 1.231 5.7865 
1.2225 
-0.7 3.580 0.00 1.22 3.0000 1.003 8.6282 
1.2134 
-0.7 3.580 0.00 1.22 4.0000 1.001 11.5210 
1.2141 
·'' .. . . . ..-·" -.-, ... 
I 
• 




********** CONTROL LIMIT FACTOR FOR Zs• 2.99********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE INPUT 
ALPHAYcALPHAZ~0.0027 
LAMBDA= 0.75 GEOMETRIC MOVING AVERAGE CHART 
--------------------------------------------------------------------------------------------------------ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT 
Limit **BEFORE SHIFT HAS OCCURED** ***AFTER THE SHIFT HAS OCCURED*** 
--------------------------------------------------------------------------------------------------------
0.9 2.670 0.00 0.00 1.35 1.00 0.0 364.96 367.65 0.00 1.35 0.00 1.00 
0.9 2.670 0.00 0.00 1.35 1.00 0.5 357.14 104.17 0.05 1.35 0.50 1.00 
0.9 2.670 0.00 0.00 1.35 1.00 1.0 367.65 24.47 0.10 1.35 0.99 1.01 
0.9 2.670 0.00 0.00 1.35 1.00 2.0 352.11 4.11 0.20 1.35 1.99 1.02 
0.9 2.670 0.00 0.00 1.35 1.00 3.0 274.73 1.78 0.30 1.35 3.02 1.03 
0.9 2.670 0.00 0.00 1.35 1.00 4.0 216.45 1.19 0.40 1.35 4.01 1.01 
0.7 2.670 0.00 0.00 1.22 1.00 0.0 362.32 367.65 0.00 1.22 0.00 1.00 
0.7 2.670 0.00 0.00 1.22 1.00 0.5 314.47 104.17 0.15 1.22 0.50 1.00 
0.7 2.670 0.00 0.00 1.22 1.00 1.0 228.31 24.47 0.30 1.22 0.99 1.01 
0.7 2.670 0.00 0.00 1.22 1.00 2.0 97.09 4.11 0.60 1.22 1.99 1.02 
0.7 2.670 0.00 0.00 1.22 1.00 3.0 39.70 1.78 0.90 1.23 
• 3.02 1.03 
0.7 2.670 0.00 0.00 1.22 1.00 4.0 19.35 1.19 1.20 1.22 4.01 1.01 
0.5 2.720 0.00 0.00 1.12 1.00 0.0 370.37 367.65 0.00 1.12 0.00 1.00 
0.5 2.720 0.00 0.00 1.12 1.00 0.5 257.73 104.17 0.25 1.12 0.50 1.00 
0.5 2.720 0.00 0.00 1.12 1.00 1.0 117.37 24.47 0.50 1.12 0.99 1.01 
0.5 2.720 0.00 0.00 1.12 1.00 2.0 26.07 4.11 1.00 1.12 1.99 1.02 
0.5 2.720 0.00 0.00 1.12 1.00 3.0 8.11 1.78 1.51 1.14 3.02 1.03 
0.5 2.720 0.00 0.00 1.12 1.00 4.0 3.90 1.19 2.00 1.15 4.01 1.01 
0.3 2.780 0.00 0.00 1.04 1.00 0.0 362.32 367.65 0.00 1.04 0.00 1.00 
0.3 2.780 0.00 0.00 1.04 1.00 0.5 157.23 104.17 0.35 1.04 0.50 1.00 
0.3 2.780 0.00 0.00 1.04 1.00 1.0 52.25 24.47 0.70 1.04 0.99 1.01 
0.3 2.780 0.00 0.00 1.04 1.00 2.0 8.80 4.11 1.40 1.06 1.99 1.02 
0.3 2.780 0.00 0.00 1.04 1.00 3.0 3.33 1.78 2.09 1.07 3.02 1.03 
0.3 2.780 0.00 0.00 1.04 1 .. 00 4.0 1.91 1.19 2.82 1.08 4.01 1.01 
0.1 2.905 0.00 0.00 1.01 1.00 0.0 373.13 367.65 0.00 1.01 0.00 1.00 
0.1 2.905 0.00 0.00 1.01 1.00 0.5 114.16 104.17 0.45 1.01 0.50 1.00 
0.1 2~905 0.00 0.00 1.01 1.00 1.0 29.59 24,..47 0.90 1.01 0.99 1.01 
0.1 2.905 0.00 0.00 1.01 1.00 I 2.0 4.76 4.11 1.80 1.02 1.99 1.02 
0.1 2.905 0.00 0.00 1.01 1.00 3.0 2. 0,5 1.78 2 .·72 1.03 3.02 1.03 
0.1 .. 2.905 · 0. 00 0.00 1.01 1.00 4.0 1.34 1.19 3.61 1.02 4.01 1.01 I 
.. 
" • • •~ I " • 
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THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z 






-0.1 3.080 0.00 0.00 1.01 1.00 0.0 373.13 367.65 0.00 1.01 0.00 1.00 
-0.1 3.080 0.00 0.00 1.01 1.00 0.5 99.21 104.17 0.55 1.01 0.50 1.00 
-0.1 3.080 0.00 0.00 1.01 1.00 1.0 21.59 24.47 1.09 1.01 0.99 1.01 
-0.1 3.080 0.00 0.00 1.01 1.00 2.0 3.62 4.11 2.20 1.03 1.99 1.02 
-0.1 3.080 0.00 0.00 1.01 1.00 3.0 1.59 1.78 3.32 1.03 3.02 1.03 
-0.1 3.080 0.00 0.00 1.01 1.00 4.0 1.12 1.19 4.39 1.02 4.01 1.01 
-0.3 3.220 0.00 0.00 1.05 1.00 0.0 362.32 367.65 0.00 1.05 0.00 1.00 
-0.3 3.220 0.00 0.00 1.05 1.00 0.5 94.52 104.17 0.65 1.05 0.50 1.00 
-0.3 3.220 0.00 0.00 1.05 1.00 1.0 18.85 24.47 1.29 1.05 0.99 1.01 
-0.3 3.220 0.00 0.00 1.05 1.00 2.0 3.13 4.11 2.58 1.06 1.99 1.02 
-0.3 3.220 0.00 0.00 1.05 1.00 3.0 1.38 1.78 3.91 1.05 3.02 1.03 
-0.3 3.220 0.00 0.00 1.05 1.00 4.0 1.05 1.19 5.18 1.05 4.01 1.01 
-0.5 3.300 0.00 0.00 1.12 1.00 0.0 362.32 367.65 0.00 -l 1.12 0.00 1.00 
-0.5 3.300 0.00 0.00 1.12 1.00 0.5 91.74 104.17 0.75 
~ 1.12 0.50 1.00 
-0.5 3.300 0.00 .o. 00 1.12 1.00 1.0 17.00 24.47 1.50 1.13 0.99 1.01 
-0.5 3.300 . o.oo· 0.00 1.12 1.00 2.0 2.76 4.11 3.00 1.14 1.99 1. 02 
· 
. 
-0.5 3.300 0.00 0.00 1.12 1.00 3.0 1.26 1.78 4.50 1.12 3.02 1.03 
-0.5 3.300 0.00 0.00 1.12 1.00 4.0 1.02 1.19 5.98 1.12 4.01 1.01 
-0.7 3.300 0.00 0.00 1.22 1.00 0.0 370.37 367.65 0.00 1.22 0.00 1.00 
-0.7 3.300 0.00 0.00 1.22 1.00 0.5 81.97 104.17 0.85 1.22 0.50 1.00 
-0.7 3.300 0.00 0.00 1.22 1.00 1.0 15.48 24.47 1.70 1.23 0.99 1.01 
-0.7 3.300 0.00 0.00 1.22 1.00 2.0 2.48 4.11 3.41 1.24 1.99 1.02 
-0.7 3.300 0.00 0.00 1.22 1.00 3.0 1.21 1.78 5.11 1.23 3.02 1.03 
-0.7 3.300 0.00 0.00 1.22 1.00 4.0 1.01 1.19 6.76 1.21 4.01 1.01 
. -,- ...... 









********** CONTROL LIMIT FACTOR FOR Zs• 2.99********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE OUTPUT 
ALPHAYsALPHAZa0.0027 
LAMBDA= 0.75 GEOMETRIC MOVING AVERAGE CHART 
-----~--------------------------------------------------------------------------------------------------THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z 
Limit **BEFORE SHIFT HAS OCCURED** ***AFTER THE SHIFT HAS OCCURED*** 
----------------------------------------------------------------------------------------------------------0.9 2.670 0.00 0.00 1.35 1.00 0.0 364.96 367.65 0.00 1.35 0.00 1.00 
0.9 2.670 0.00 0.00 1.35 1.00 0.5 160.77 1.04 0.50 1.35 4.99 1.01 
0.9 2.670 0.00 0.00 1.35 1.'00 1.0 40.58 1.00 1.00 1.35 9.98 1.01 
0.9 2.670 0.00 0.00 1.35 1.00 2.0 5.83 1.00 2.00 1.37 19.99 1.01 
0.9 2.670 0.00 0.00 1.35 1.00 3.0 2.46 1.00 3.00 1.40 30.00 1.01 
0.9 2.670 0.00 0.00 1.35 1.00 4.0 1.56 1.00 4.00 1.39 40.01 1.01 
0.7 2.670 0.00 0.00 1.22 1.00 0.0 362.32 367.65 0.00 1.22 0.00 1.00 
0.7 2.670 0.00 0.00 1.22 1.00 0.5 129.20 6 .26 0.50 1.22 1.68 1.02 
0.7 2.670 0.00 0.00 1.22 1.00 1.0 31.00 1.50 1.00 1.23 3.35 1.01 
0.7 2.670 0.00 0.00 1.22 1.00 2.0 4.47 1.00 2.00 1.25 6.64 1.01 
0.7 2.670 0.00 0.00 ·1. 22 1.00 3.0 · 2. 07 1.00 3.01 1.27 9.98 1.01 
0.7 2. 670 · 0.00 0.00 1.22 1.00 4.0 1.39 1.00 4.00 1.25 13.32 1.01 
0.5 2.720 0.00 0.00 1.12 1.00 0.0 370.37 367.65 0.00 1.12 0.00 1.00 
0.5 2.720 0.00 0.00 1.12 1.00 0.5 117.37 24.47 0.50 1.12 0.99 1.01 
0.5 2.720 0.00 0.00 1.12 1.00 1.0 26.07 4.11 1.00 1.12 1.99 1.02 
0.5 2.720 0.00 0.00 1.12 1.00 2.0 3.90 1.19 2.00 1.15 4.01 1.01 
0.5 2.720 0.00 0.00 1.12 1.00 3.0 1.85 1.00 3.01 1.15 5.98 1.01 
0.5 2.720 0.00 0.00 1.12 1.00 4.0 1.27 1.00 4.00 1.14 7.98 1.01 
0.3 2.780 0.00 0.00 1.04 1.00 0.0 362.32 367.65 0.00 1.04 0.00 1.00 
0.3· 2.780 0.00 0.00 1.04 1.00 0.5 94.34 55.01 0.50 1.04 0.71 1.00 
0.3 2.780 0.00 0.00 1.04 1.00 1.0 21.31 9.37 1.00 1.05 1.43 1.01 
0.3 2.780 0.00 0.00 1.04 1.00 2.0 3.62 1.91 2.00 1.07 2.89 1.02 
0.3 2.780 0.00 0.00 1.04 1.00 3.0 1.71 1.13 3.01 1.08 4.28 1.02 
0.3 2.780 0.00 0.00 1.04 1.00 4.0 1.19 1.01 4.01 1.06 5.69 1.01 
0.1 2.905 0.00 0.00 1.01 1.00 0.0 373.13 367.65 0.00 1.01 0.00 1.00 
0.1 2.905 0.00 0.00 1.01 1.00 0.5 99.21 88.97 0.50 1.01 0.55 1.00 
0.1 2.905 0.00 0.00 1.01 1.00 1.0 22.47 18.43 0.99 1.01 1.11 1.01 
0.1 2.905 0.00 0.00 1.01 1.00 2.0 3.79 3.27 2.00 1.03 2.21 1.02 
0.1 2.905 0.00 0.00 1.01 1.00 3.0 1.72 1.50 3 !'02 1.04 3.35 1.01 
0.1 2.905 0.00 0.00 1.01 1.00 4.0 1.18 1.09 4.01 1.02 4.44 1. O'S 
" 
:_~-,'.-· _,,.:;;.:, .. <•t'.,_.:':~.~-; -·,-,_.,_ ·;;-~- .-.-,1•'.·, _.;· ,. :. ,.,~·. :,_'· ,-·.,, 
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THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z 
Limit **BEFORE SHIFT HAS OCCURED** ***AFTER THE SHIFT HAS OCCURED*** 
--------------------------------------------------~---~---------------------------~-----------------------
-0.1 3.080 0.00 0.00 1.01 1.00 0.0 373.13 367.65 0.00 1.01 0.00 1.00 
-0.1 3.080 0.00 0.00 1.01 1.00 0.5 120.19 126.26 0.50 1.01 0.45 1.00 
-0.1 3.080 0.00 0.00 1.01 1.00 1.0 27.60 31.50 1.00 1.01 0.91 1.01 
-0.1 3.080 0.00 0.00 1.01 1.00 2.0 4.45 5.10 2.00 1.02 1.82 1.02 
-0.1 3.080 0.00 0.00 1.01 1.00 3.0 1.87 2.10 3.03 1.03 2.74 1.02 
-0.1 3.080 0.00 0.00 1.01 1.00 4.0 1.23 1.34 4.00 1.01 3.64 1.02 
-0.3 3.220 0.00 0.00 1.05 1.00 0.0 362.32 367.65 0.00 1.05 0.00 1.00 
-0.3 3.220 0.00 0.00 1.05 1.00 0.5 140.45 154.80 0.50 1.05 0.38 1.00 .. 
-0.3 3.220 0.00 0.00 1.05 1.00 1.0 37.96 46.84 1.00 1.05 0.77 1.00 
-0.3 3.220 0.00 0.00 1.05 1.00 2.0 5.67 7.70 2.01 1.06 1.55 1.02 
-0.3 3.220 0.00 0.00 1.05 1.00 3.0 2.20 3.00 3.01 1.06 2.30 1.03 
-0.3 3.220 0.00 0.00 1.05 1.00 4.0 1.34 1.70 4.01 1.05 3.10 1.03 
-0.5 3.300 0.00 0.00 1.12 1.00 0.0 362.32 367.65 0.00 1.12 0.00 1.00 
-0.5 3.300 0.00 0.00 1.12 1.00 0.5 162.87 179.21 0.50 1.12 0.33 1.00 
-0.5 3.300 0.00 0.00 1.12 1.00 1.0 49.52 64.02 1.00 1.12 0.67 1.00 
-0.5 3.300 0.00 0.00 1.12 1·. 00 . 2.0 7.44 11.38 2.02 1.13 1.33 1.01 
-0.5 3.300 0.00 0.00 1.12 1.00 3.0 2.78 4.11 2.99 1.15 1.99 1.02 
-0.5 3.300 0.00 0.00 1.12 1.00 4.0 1.51 2.18 4.02 1.11 2.68 1.03 
-0.7 3.300 0.00 0.00 1.22 1.00 0.0 370.37 367.65 0.00 1.22 0.00 1.00 
-0.7 3.300 0.00 0.00 1.22 1.00 0.5 167.22 193.05 0.50 1.22 0.29 1.00 
-0.7 3.300 0.00 0.00 1.22 1.00 1.0 58.07 81.30 1.00 1.22 0.59 1.00 
-0.7 3.300 0.00 0.00 1.22 1.00 2.0 9.63 15.76 2.01 1.23 1.17 1.00 
-0.7 3.300 0.00 0.00 1.22 1.00 3.0 3.43 5.45 2.99 1.24 1.77 1.02 
-0.7 3.300 0.00 0.00 1.22 1.00 4.0 1.75 2.85 4.04 1.25 2.35 1.03 
·. 
- .t, ·. ', 
TABLE 19 
AR(l) Model 
********** CONTROL LIMIT FACTOR FOR Zs• 2.99********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE INPUT 
ALPHAYmALPHAZm0.0027 
LAMBDA• 0.75 GEOMETRIC MOVING AVERAGE CHART 
--------------------------------------------------------------------------------------------------------ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT 
Limit **BEFORE SHIFT HAS OCCURED** ***AFTER THE SHIFT HAS OCCURED*** 
---------------------------------------------------------------------------------------------------------
-
0.9 3.580 -.01 0.00 2.33 1.00 0.0 370.37 
367.65 -0.01 2.33 0.00 1.00 
0.9 3.580 -.01 0.00 2.33 1.00 0.5 6.01 
104.17 5.05 2.36 0 .'SO 1.00 
0.9 3.580 -.01 0.00 2.33 1.00 
,.. 1.0 1.24 24.47 10.02 2.24 0.99 1.01 
0.9 3.580 -.01 0.00 2.33 1.00 2.0 1.00 
4.11 19.75 2.12 1.99 1.02 
0.9 3.580 -.01 0.00 2.33 1.00 3.0 1.00 
1.78 29.76 2.12 3.02 1.03 
0.9 3.580 -.01 0.00 2.33 1.00 4.0 1.00 
1.19 39.78 2.12 4.01 1.01 
0.7 3.515 0.00 0.00 1.41 1.00 0.0 367.65 367.65 
0.00 1.41 0.00 1.00 
0.7 3.515 0.00 0.00 1.41 1.00 0.5 31.43 104.17 
1.66 1.42 0.50 -1. 00 
0.7 3.515 0.00 0.00 1.41 1.00 1.0 4.62 
24.47 3.33 1.41 0.99 1.01 
0.7 3.515 0.00 0.00 1.41 1.00 2.0 1.12 4.11 
6.63 1.41 1.99 1.02 
0.7 3.515 0.00 0.00 1.41 1.00 3.0 1. 00 · 
1.78 . 9.91 1.37 3.02 1.03 
0.7 3.515 0.00 0.00 1.41 1.00 4.0 1.00 
1.19 13.25 1.37 , 4. 01 1.01 
0.5 3.400 0.00 0.00 1.16 1.00 0.0 373.13 367.65 
0.00 1.16 0.00 1.00 
0.5 3.400 0.00 0.00 1.16 1.00 0.5 60.10 104.17 
1.00 1.16 0.50 1.00 
0.5 3.400 0.00 0.00 1.16 1.00 1.0 9.39 
24.47 2.01 1.17 0.99 1.01 
0.5 3.400 0.00 0.00 1.16 1.00 2.0 1.69 
4.11 4.04 1.17 1.99 1.02 
0.5 3.400 0.00 0.00 1.16 1.00 3.0 1.04 1.78 
5.98 1.15 3.02 1.03 
0.5 3.400 0.00 0.00 1.16 1.00 4.0 1.00 
1.19 7.95 1.14 4.01 1.01 
0.3 3.250 0.00 0.00 1.05 1.00 0.0 370.37 36
7.65 0.00 1.05 0.00 1.00 
0.3 3.250 0.00 0.00 1.05 1.00 0.5 83.75 10
4.17 0.71 1.05 0.50 1.00 
0.3 • 3.250 0.00 0.00 1.05 1.00 1.0 15.38 
24.47 1.43 1.06 0.99 1.01 
0.3 3.250 0.00 0.00 1.05 1.00 2.0 2.55( 4.11 2.86 
1.07 1.99 1.02 
0.00 
. ---,. 1.00 1.78 4.29 1.06 3.02 1.03 0.3· 3.250 0.00 1.05 3.0 1.25 ~--
0.3 3.250 0.00 0.00 1.05 1.00 4.0 1.02 
1.19 5.68 1.05 4.01 1.01 
0.1 3.080 0.00 I O • 00 1-.~1 1 •. 00 0.0 364.96 
367.65 0.00 1.01 0.00 1.00 
0.1 3.080 0.00 0.00 1.01 1.00 0.5 98.43 
104.17 0.55 1.01 0.50 1.00 
0.1 3.080 0.00 0.00 1.01 1.00 1.0 20.99 
24.47 1.11 1.01 0.99 1.01 
0.1 3.080 0.00 0.00 1.01 1 .. 00 2.0 3.57 
4.11 2.22 1.03 1.99 1.02 
~ 
0.1 3.080 0.00 0.00 1.01 1.00 -3. 0 1:. 58 
1.78 ·3_35 1.03 3.02 1.03 
0.1 3.080 0.00 0.00 1.01 1.00 4.0 1.11 










\ Av.Y ·Av.Z Sd.Y Sd.Z SHIFT 
**BEFORE SHIFT HAS OCCURED** 
ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z 




-0.1 2.910 0.00 0.00 1.01 1.00 0.0 370.37 367.65 0.00 1.01 0.00 1.00 
-0.1 2.910 0.00 0.00 1.01 1.00 0.5 114.16 104.17 0.45 1.01 0.50 1.00 
-0.1 2.910 0.00 0.00 1.01 1.00 1.0 28.78 24.47 0.91 1.01 0.99 1.01 
-0.1 2.910 0.00 0.00 1.01 1.00 2.0 4.69 4.11 1.82 1.02 1.99 1.02 
-0.1 2.910 0.00 0.00 1.01 1.00 3.0 2.02 1.78 2.74 1.03 3.02 1.03 
-0.1 2.910 0.00 0.00 1.01 1.00 4.0 1.31 1.19 3.64 1.02 4.01 1.01 
-0.3 2.787 0.00 0.00 1.05 1.00 0.0 362.32 367.65 0.00 1.05 0.00 1.00 
-0.3 2.787 0.00 0.00 1.05 1.00 0.5 149.70 104.17 0.38 1.05 0.50 1.00 
-0.3 2.787 0.00 0.00 1.05 1.00 1.0 44.76 24.47 0.77 1.05 0.99 1.01 
-0.3 2.787 0.00 0.00 1.05 1.00 2.0 6.94 4.11 1.55 1.07 1.99 1.02 
-0.3 2.787 0.00 0.00 1.05 1.00 3.0 2.74 1.78 2.31 1.09 3.02 1.03 
-0.3 2.787 0.00 0.00 1.05 1.00 4.0 1.68 1.19 3.09 1.09 4.01 1.01 
-0.5 2.670 0.00 0.00 1.16 1.00 0.0 367.65 367.65 0.00 1.16 0.00 1.00 
-0.5 2.670 0.00 0.00 1.16 1.00 0.5 183.15 104.17 0.33 1.16 0.50 1.00 
-0.5 2.670 0.00 0.00 1.16 1.00 1.0 69.06 24.47 0.67 1.16 0.99 1.01 
-0.5 2.670 0.00 0.00 1.16 1.00 2.0 12~47 4.11 1. "33 1.16 1.99 1.02 
-0.5 2.670 0.00 0.00 1.16 1.00 3.0 4.01 1.78 2.00 1.19 3.02 1.03 
-0.5 2.670 0.00 0.00 1.16 1.00 4.0 2.26 1.19 2.67 1.21 4.01 1.01 
-0.7 2.570 0.00 0.00 1.41 1.00 , 0.0 364.96 367.65 0.00 1.41 0.00 1.00 
-0.7 2.570 0.00 0.00 1.41 1.00 0.5 257.73 104.17 0.29 1.41 0.50 1.00 
-0.7 2.570 0.00 0.00 1.41 1.00 1.0 120.48 24.47 0.59 1.41 0.99 1.01 
-0.7 2.570 0.00 0.00 1.41 1.00 2.0 28.06 4.11 1.18 1.41 1.99 1.02 
-0.7 2.570 0.00 0.00 1.41 1.00 3.0 8.60 1.78 1.77 1.43 3.02 1.03 





********** CONTROL LIMIT FACTOR FOR Zs• 2.99********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE OUTPUT 
ALPHAY•ALPHAZm0.0027 
LAMBDAim 0.75 GEOMETRIC MOVING AVERAGE CHART 
• 
--------------------------------------------------------------------------------------------------------ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT 
Limit **BEFORE SHIFT HAS OCCURED** ***AFTER THE SHIFT HAS OCCURED*** 
----------------------------------------------------------------------------------------------------------
0.9 3.580 ~--01, ' 0.00 2.33 1.00 0.0 370.37 367.65 -0.01 2.33 0.00 1.00 
0.9 3.580 -.01 0.00 2.33 1.00 0.5 308.64 357.14 0.49 
2.33 0.05 1.00 
0.9 3.580 -.01 0.00 2.33 1.00 1.0 197.63 331.13 0.99 
2.33 0.10 1.00 
0.9 3.580 -.01 0.00 2.33 1.00 2.0 69.16 257.73 1.99 
2.33 0.20 1.00 
0.9 3.580 -.01 0.00 2.33 1.00 3.0 25.51 190.11 2.95 
2.39 0.30 1.00 
0.9 3.580 -.01 0.00 2.33 1.00 4.0 11.66 147.06 Vo3 2.37 0.40 1.00 
0.7 3.515 0.00 0.00 1.41 1.00 0.0 367.65 367.65 0 
1.41 0.00 1.00 
0.7 3.515 0.00 0.00 1.41 1.00 0.5 236.97 290.70 0.50 
1.41 0.15 1.00 
0.7 3.515 0.00 0.00 1.41 1.00 1.0 93.63 190.11 1.00 
1.41 0.30 1.00 
0.7 3.515 0.00 0.00 1.41 1.00 2.0 19.47 78.99 1.99 
1.43 0.60 1.00 
. 0.7 3.515 0.00 · 0. 00 1.41 1.00 3.0 6.01 32.13 3.02 
1.42 · 0. 90 1.01 
0.7 3.515 0.00 0.00 1.41 1.00 4.0 2.84 15.07 3.98 
1.42 1.20 1.00 
0.5 3.400 0.00 0.00 1.16 1.00 0.0 373.13 367.65 0.00 
1.16 0.00 1.00 
0.5 3.400 0.00 0.00 1.16 1.00 0.5 176.68 220.26 0.50 
1.16 0.25 1.00 
0.5 3.400 0.00 0.00 1.16 1.00 1.0 60.10 104.17 1.00 
1.16 0.50 1.00 
0.5 3.400 0.00 0.00 1.16 1.00 2.0 9.39 24.47 2.01 
1.17 0.99 1.01 
0.5 3.400 0.00 0.00 1.16 1.00 3.0 3.33 8.23 2.98 
1.17 1.51 1.02 
0.5 3.400 0.00 0.00 1.16 1.00 4.0 1.69 4.11 4.04 
1.17 1.99 1.02 
0.3 3.250 0.00 0.00 1.05 1.00 0.0 370.37 367.65 0.00 
1.05 0.00 1.00 
0.3 3.250 0.00 0.00 1.05 1.00 0.5 148.37 169.49 0.50 
1.05 0.35 1.00 
0.3 3.250 0.00 0.00 1.05 1.00 1.0 40.35 57.34 .1. 00 
1.05 0.70 1.00 
0.3 3.250 0.00 0.00 1.05 1.00 2.0 6.00 10.03 2.01 
1.06 1.40 1.01 
o~3 3.250 0.00 0.00 1.05 1.00 3.0 2.31 3.63 3.01 
1.06 2.10 1.02 
0.3 3.250 0.00 0.00 1.05 1.00 4.0 1.35 1.99 4.01 
1.06 2.82 1.02 
0.1 3.080 0.00 0.00 1.01 1.00 0.0 364.96 367.65 0.00 
1.01 0.00 1.00 
0.1 3.080 0.00 0.00 1.01 1.00 0.5 120.48 129.20 0.50 
1.01 0.45 1.00 
0.1 3.080 0.00 0.00 1.01 1.00 1.0 27.58 32.13 1.00 
1.01 0.90 1.01 
0.1 3.080 0.00 0.00 1.01 1.00 2.0 4.43 .5.18 
, 2. 00 1.02 1.81 1.02 
0.1 3.080 0.00 0.00 1.01 1.00 3.0 1.87 2.13 3.03 
1 .• 03 2.71 1.03 
0.1 3.080' 0.00 0.00 1.01 1.00 4.0 1.23 1.35 4.00 












THET Contrl Av.Y Av.Z Sd.Y Sd.Z SHIFT ARLY ARLZ Av.Y Av.Z Sd.Y Sd.Z 
Limit **BEFORE SHIFT HAS OCCURED** ***AFTER THE SHIFT HAS OCCURED*** 
------------------------------------------------------~-------~--~-----~----------------------------------
-0.1 2.910 0.00 0.00 1.01 1.00 0.0 370.37 367.65 0.00 1.01 0.00 1.00 
-0.1 2.910 o,oo 0.00 1.01 1.00 0.5 101.21 91.24 0.50 1.01 0.55 1.00 
-0.1 2.910 0.00 0.00 1.01 1.00 1.0 22.69 19.15 0.99 1.01 1.09 1.01 
-0.1 2.910 0.00 0.00 1.01 1.00 2.0 3.79 3.33 2.00 1.03 2 .19 1.02 
-0.1 2.910 0.00 0.00 1.01 1.00 3.0 1.73 1.52 3.02 1.04 3.32 1.01 
-0.1 2.910 0.00 0.00 1.01 1.00 4.0 1.18 1.11 4.01 1.02 4.39 1.02 
-0.3 2.787 0.00 0.00 1.05 1.00 0.0 362.32 367.65 0.00 1.05 0.00 1.00 
-0.3 2.787 0.00 0.00 1.05 1.00 0.5 97.47 66.84 0.50 1.05 0.65 1.00 
-0.3 2.787 0.00 0.00 1.05 1.00 1.0 22.79 12.26 0.99 1.06 1.30 1.01 
-0.3 2.787 0.00 0.00 1.05 1.00 2.0 3.68 2.31 2.00 1.08 2.60 1.02 
-0.3 2.787 0.00 0.00 1.05 1.00 3.0 1.75 1.22 3.02 1.09 3.91 1.01 
-0.3 2.787 0.00 0.00 1.05 1.00 4.0 1.20 1.02 4.01 1.07 5.18 1.02 
-0.5 2.670 0.00 0.00 1.16 1.00 0.0 367.65 367.65 0.00 1.16 0.00 1.00 
-0.5 2.670 0.00 0.00 1.16 1.00 0.5 113.64 49.07 0.50 1.16 0.75 1.00 
-0.5 2.670 0.00 0.00 1.16 1.00 1.0 26.66 8.24 1.00 1.16 1.51 1.02 
-0.5 ·2.670 . 0.00 0.00 1.16 1.00 2.0 4.01 1.78 2.00 1.19 3.02 • 1.03" 
-0.5 2.670 0.00 0.00 1.16 1.00 3.0 1.89 1.09 3.02 1.21 4.49 1.03 
-0.5 2.670 0.00 0.00 1.16 1.00 4.0 1.31 1.00 4.01 1.20 5.98 1.01 
-0.7 2.570 0.00 0.00 1.41 1.00 0.0 364.96 367.65 0.00 1.41 0.00 1.00 
-0.7 2.570 0.00 0.00 1.41 1.00 0.5 149.70 36.55 0.50 1.41 0.85 1.01 
-0.7 2.570 0.00 0.00 1.41 1.00 1.0 42.87 5.99 1.00 1.42 1.71 1.01 
-0.7 2.570 0.00 0.00 1.41 1.00 2.0 5.88 1.46 2.00 I.44 3.41 1.01 
-0.7 2.570 0.00 0.00 1.41 1.00 3.0 2.35 1.03 3.00 1.48 5.08 1.02 





~ .,.., w 
. 
I • ,.,... I 
• 
TABLE 21 
Residuals of MA(l) Model Transfot,oed to an AR(l)Model 
********** CONTROL LIMIT FACTOR FOR Zs• 2.99********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE INPUT 
ALPHAXs0.0027 
LAMBDA• 0.75 GEOMETRIC MOVING AVERAGE CHART 
------------------------------------------------------------------------------SHIFT ARLX Av.X Sd.X THET Contrl 
Limit 
Av.X Sd.X 
***BEFORE SHIFT*** ****AFTER SHIFT**** 
------------------------------------------------------------------------------
0.9 3.580 -0.01 2.33 0.0000 370.370 
-0.0132 2.3319 
0.9 3.580 -0.01 2.33 0.5000 
6.013 5.0527 2.3588 
0.9 3.580 -0.01 2.33 1.0000 
1.238 10.0202 2.2362 
0.9 3.580 -0.01 2.33 2.0000 
1.003 19.7484 2.1202 
0.9 3.580 -0.01 2.33 3.0000 
1.002 .29.7624 2.1199 
0.9 3.580 -0.01 2.33 4.0000 1.001 
39.7784 2.1161 
0.7 3.515 0.00 1.41 0.0000 
367.647 -0.0043 1.4137 
0.7 3.515 0.00 1.41 0.5000 
31.431 1.6609 1.4236 
0.7 3.515 0.00 1.41 1.0000 
4.621 3.3312 1.4068 
0.7 3.515 0.00 1.41 2.0000 
1.121 6.6251 1.4075 
0.7 3.515 0.00 . 1. 41 3.0000 
1.001 9.9116 1.3659 
0.7 3.515 0.00 1.41 4.0000 
1.001 13.2486 1.3660 
0.5 3.400 0.00 1.16 0.0000 
373.134 -0.0026 1.1608 
0.5 3.400 0.00 1.16 0.5000 
60.096 0.9975 1.1608 
0.5 3.400 0.00 1.16 1.0000 
9.390 2.0111 1.1748 
0.5 3.400 0.00 1.16 2.0000 
1.693 4.0358 1.1698 
0.5 3.400 0.00 1.16 3.0000 
1.043 5.9759 1.1468 
0.5 3.400 0.00 1.16 4.0000 
1.001 7.9481 1.1427 
0.3 3.250 0.00 1.05 0.0000 
370.370 -0.0018 1.0510 
0.3 3.250 0.00 1.05 0.5000 
83.752 0.7125 1.0510 • 
0.3 3.250 0.00 1.05 .... 1.0000 
15.380 1.4253 1.0585 
0.3 3.250 0.00 1.05 ·2. 0000 2.551 2.8571 
1.0714 
0.3 3.250 0.00 1.05 3.0000 
1.249 4.2865 1.0581 
0.3 3.250 0.00 1.05 4.0000 
1.021 5.6842 1.0485 
0.1 3.080 0.00 1.01 0.0000 364.964 
-0.0014 1.0062 
0.1 3.080 0.00 1.01 0.5000 98.425 
0.5541 1.0062 
0.1 3.080 0.00 1.01 1.0000 i0.987 
1.1060 1.0145 
0.1 3.080 0.00 1.01 2.0000 
3.570 2.2221 1.0287 
0.1 3.080 0.00 1.01 3.0000 
1.575 3.3466 1.0291 
0.1 3.080 0.00 1.01 4.0000 











---------------------~----------~---------------------------~-----------------ARLX Av.X Sd.X 
****AFTER SHIFT**** THET Contrl Av.X Sd.X SHIFT Limit ***BEFORE SHIFT*** 
------------------------------------------------------~--------------------------
-0.1 2.910 0.00 1.01 0.0000 370.370 -0.0012 1.0059 
-0.1 2.910 0.00 1.01 0.5000 114.155 0.4534 1.0059 
-0.1 2.910 0.00 1.01 1.0000 28.779 0.9092 1.0131 
-0.1 2.910 0.00 1.01 2.0000 4.689 1.8166 1.0204 
-0.1 2.910 0.00 1.01 3.0000 2.018 2.7445 1.0295 
-0.1 2.910 0.00 1.01 4.0000 1.313 3.6392 1.0203 
-0.3 2.787 0.00 1.05 0.0000 362.319 -0.0010 1.0504 
-0.3 2.787 0.00 1.05 0.5000 149.701 0.3836 1.0504 
' 
-0.3 2.787 0.00 1.05 1.0000 44.761 0.7681 1.0522 
-0.3 2.787 0.00 1.05 2.0000 6.938 1.5495 1.0690 
-0.3 2.787 0.00 1.05 3.0000 2.740 2.3077 1.0861 
-0.3 2.787 0.00 1.05 4.0000 1.681 3.0900 1.0868 
-0.5 2.670 0.00 1.16 0.0000 367.647 -0.0009 1.1597 
-0.5 2.670 0.00 1.16 0.5000 183.150 0.3325 1.1597 
-0.5 2.670 0.00 1.16 1.0000 69.061 0.6658 1.1597 
-0.5 2.670 0. 00 1.16 2. ooo·o 12.465 1.3337 1.1597 
. 
-0.5 2.670 0.00 1.16 3.0000 4.009 1.9973 1.1872 
-0.5 2.670 0.00 1.16 4.0000 2.257 2.6714 1.2067 
-0.7 2.570 0.00 1.41 0.0000 364.964 -0.0008 1.4115 
-0.7 2.570 0.00 1.41 0.5000 257.732 0.2933 1.4115 
-0.7 2.570 0.00 1.41 1.0000 120.482 0.5875 1.4115 
-0.7 2.570 0.00 1.41 2.0000 28.060 1.1761 1.4124 
-0.7 2.570 0.00 1.41 3.0000 8.601 1.7695 1.4348 





Residuals of MA(l) Model Transformed to an AR(l)Hodel 
********** CONTROL LIMIT FACTOR FOR Zs• 2.99********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE OUTPUT 
ALPHAX=0.0027 
LAMBDAm 0.75 GEOMETRIC MOVING AVERAGE CHART 
ARLX Av.X Sd.X 
------------------------------------------------------------------------------THET Contrl Av.X Sd.X SHIFT 
Limit ***BEFORE SHIFT*** ****AFTER SHIFT**** 
------------------------------------------------------------------------------0.9 3.580 -0.01 2.33 0.0000 370.370 -0.0132 2.3319 
0.9 3.580 -0.01 2.33 0.5000 1.006 49.7754 2.1202 
0.9 3.580 -0.01 2.33 1.0000 1.004 99.8359 2.1218 
0.9 3.580 -0.01 2.33 2.0000 1.003 199.9468 2.1314 
0.9 3.580 -0.01 2.33 3.0000 1.002 300.0604 2.1453 
0.9 3.580 -0.01 2.33 4.0000 1.002 400.1707 2.1651 
0.7 3.515 0.00 1.41 0.0000 367.647 -0.0043 1.4137 
0.7 3.515 0.00 1.41 0.5000 1.403 5.5757 1.3840 
0.7 3.515 0.00 1.41 1.0000 1.003 11.0223 1.3656 
0.7 3.515 0.00 1.41 2.0000 1.002 22.1454 1.3665 
0 :1 3.515 0.00 1.41 3.0000 1.002 . 33.2688 1.3668 
0.7 3.515 0.00 1.41 4.0000 1.002 44.3923 1.3672 
0.5 3.400 0.00 1.16 0.0000 373.134 -0.0026 1.1608 
0.5 3.400 0.00 1.16 0.5000 9.390 2.0111 1.1748 
0.5 3.400 0.00 1.16 1.0000 1.695 4.0370 1.1696 
0.5 3.400 0.00 1.16 2.0000 1.002 7.9470 1.1425 
0.5 3.400 0.00 1.16 3.0000 1.002 11.9514 1.1426 
0.5 3.400 0.00 1.16 4.0000 1.001 15.9570 1.1428 
0.3 3.250 0.00 1.05 0.0000 370.370 -0.0018 1.0510 
0.3 3.250 0.00 1.05 0.5000 ·38.056 1.0172 1.0552 
0.3 3.250 0.00 1.05 1.0000 5.708 2.0473 1.0645 
0.3 3.250 0.00 1.05 2.0000 1.323 4.0908 1.0578 
0.3 3.250 0.00 1.05 3.0000 1.008 6.0847 1.0496 
0.3 3.250 0.00 1.05 4.0000 1.001 8.1286 1.0489 
0.1 3.080 0.00 1.01 0.0000 364.964 -0.0014 1.0062 
0.1 3.080 0.00 1.01 0.5000 83.893 0.6159 1.0062 
0.1 3.080 0.00 1.01 1.0000 15.770 1.2323 1.0111 
.. 0 .--1---- - 3 ~· -08 0 0.00 1.01 2.0000 2.854 2.4644 1.0353 
0.1 3~080 0.00 1.01 ·3.0000 1.351 3.7147 1.0187 
















THET Contrl Av.X Sd.X SHIFT ARLX Av.X Sd.X • 
Limit ***BEFORE SHIFT*** ****AFTER SHIFT**** 
---------------------------------------------------------------------------------
-0.1 2.910 0.00 1.01 0.0000 370.370 -0.0012 1.0059 
-0.1 2.910 0.00 1.01 0.5000 132.626 0.4121 1.0059 
-0.1 2.910 0.00 1.01 1.0000 36.581 0.8245 1.0103 
-0.1 2.910 0.00 1.01 2.0000 6.011 1.6579 1.0213 
-0.1 2.910 0.00 1.01 3.0000 2.379 2.4883 1.0342 
-0.1 2.910 0.00 1.01 4.0000 1.489 3.3161 1.0195 
-0.3 2.787 0.00 1.05 0.0000 362.319 -0.0010 1.0504 
-0.3 2.787 0.00 1.05 0.5000 199.203 0.2949 1.0504 
-0.3 2.787 0.00 1.05 1.0000 73.529 0.5907 1.0504 
-0.3 2.787 0.00 1.05 2.0000 14.325 1.1831 1.0503 
-0.3 2.787 0.00 1.05 3.0000 4.859 1.7770 1.0708 
-0.3 2.787 0.00 1. 05.3 4.0000 2.609 2.3700 1.0834 
-0.5 2.670 0.00 1.16 0.0000 367.647 -0.0009 1.1597 
-0.5 2.670 0.00 1.16 0.5000 270.270 0.2213 1.1597 
-0.5 2.670 0.00 1.16 1.0000 138.504 0.4436 1.1597 
-0.5 2.670 0.00 1.16 2.0000 36.181 0.8876 1.1629 · 
-0.5 2.670 0.00 1.16 3.0000 12.465 1.3337 1.1597 
-0.5 2.670 0.00 1.16 4.0000 5.359 1.7820 1.1844 
-0.7 2.570 0.00 1.41 0.0000 364.964 -0.0008 1.4115 
-0.7 2.570 0.00 1.41 0.5000 316.456 . 0 .1722 1.4115 
-0.7 2.570 0.00 1.41 1.0000 229.358 0.3452 1.4115 
-0.7 2.570 0.00 1.41 2.0000 92.764 0.6913 1.4115 
-0.7 2.570 0.00 1.41 3.0000 39.255 1.0370 1.4153 
-0.7 2.570 0.00 1.41 4.0000 18.110 1.3817 1.4122 
. . I. • . • ll : . .. 




' i · 
• 
TABLE 23 
Residuals of AR ( 1) Model Transf oc1ned to an MA ( 1) Model 
********** CONTROL LIMIT FACTOR FOR Zs• 2.99********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE INPUT 
ALPHAX•O. 0027 
LAMBDA• 0.75 GEOMETRIC MOVING AVERAGE CHART 
------------------------------------------------------------------------------ARLX Av.X Sd.X THET Contrl 
Limit 
Av.X Sd.X SHIFT 
***BEFORE SHIFT*** ****AFTER SHIFT**** 
------------------------------------------------------------------------------
0.9 2.670 0.00 1.35 0.0000 364.964 -0.0002 1.3457 
0.9 2.670 0.00 1.35 0.5000 357.143 0.0498 1.3457 
0.9 2.670 0.00 1.35 1.0000 367.647 0.0998 1.3457 
0.9 2.670 0.00 1.35 2.0000 352.113 0.1998 1.3457 
0.9 2.670 0.00 1.35 3.0000 274.725 0.2998 1.3457 
0.9 2.670 0.00 1.35 4.0000 216.450 0.3998 1.3457 
0.7 2.670 0.00 1.22 0.0000 362.319 -0.0004 1.2210 
0.7 2.670 0.00 1.22 0.5000 314.465 0.1496 1.2210 
0.7 2.670 0.00 1.22 1.0000 228.311 0.2996 1.2210 
0.7 2.670 0.00 1.22 2.0000 97.087 0.5996 1.2210 
0.7 2.670 0.00 1.22 3.0000 39.700 0.8993 1.2264 
0.7 2.670 0.00 1.22 4.0000 19.352 1.1986 1.2217 
0.5 2.720 0.00 1.12 0.0000 370.370 -0.0007 1.1185 
0.5 2.720 0.00 1.12 0.5000 257.732 0.2493 1.1185 
0.5 2.720 0.00 1.12 1.0000 117.371 0.4993 1.1185 
0.5 2.720 0.00 1.12 2.0000 26.074 0.9979 1.1200 
0.5 2.720 0.00 1.12 3.0000 8.107 1.5070 1.1353 
0.5 2.720 0.00 1.12 4.0000 3.905 1.9995 1.1468 
0.3 2.780 0.00 1.04 0.0000 362.319 -0.0009 1.0446 
0.3 2.780 0.00 1.04 0.5000 157.233 0.3491 1.0446 
0.3 2.780 0.00 1.04 1.0000 52.247 0.6991 1.0446 
0.3 2.780 0.00 1.04 2.0000 8.802 1.4042 1.0576 
0.3 2.780 0.00 1.04 3.0000 3.334 2.0924 1.0699 
0.3 2 .J780 0.00 1.04 4.0000 1.907 2.8210 1.0787 
0.1 2.905 0.00 1.01 0.0000 373.134 -0.0012 1.0057 
0.1 2.905 0.00 1.01 0.5000 114.155 0.4488 1.0057 
0.1 2.905 0.00 1.01 1.0000 29.593 0.8986 1.0119 
0.1 2.905 0.00 1.01 2.0000 4.760 1.8015 1.0226 
0.1 2.905 0.00 1.01 3.0000 2.045 2.7156 1.0283 















------------------------------------------------------------------------------THET Contrl Av.X Sd.X SHIFT 
Lim.it ***BEFORE SHIF~*** 




-0.1 3.080 0.00 1.01 0.0000 373.134 -0.0014 1.0060 
-0.1 3.080 0.00 1.01 0.5000 99.206 0.5486 1.0060 
-0.1 3.080 0.00 1.01 1.0000 21.589 1.0948 1.0134 
-0.1 3.080 0.00 1.01 2.0000 3.623 2.2032 1.0265 
-0.1 3.080 0.00 1.01 3.0000 1.594 3.3157 1.0303 
-0.1 3.080 0.00 1.01 4.0000 1.122 4.3881 1.0250 
-0.3 3.220 0.00 1.05 0.0000 362.319 -0.0017 1.0453 
-0.3 3.220 0.00 1.05 0.5000 94.518 0.6484 1.0453 
-0.3 3.220 0.00 1.05 1.0000 18.846 1.2935 1.0528 
-0.3 3.220 0.00 1.05 2.0000 3.128 2.5850 1.0645 
-0.3 3.220 0.00 1.05 3.0000 1.384 3.9090 1.0486 
-0.3 3.220 0.00 1.05 4.0000 1.055 5.1835 1.0461 
-0.5 3.300 0.00 1.12 0.0000 362.319 -0.0019 1.1195 
-0.5 3.300 0.00 1.12 0.5000 91.743 0.7481 1.1195 
-0.5 3.300 0.00 1.12 1.0000 16.997 1.4956 1.1287 




-0.5 3.300 0.00 1.12 3.0000 1.265 4.5008 1.1212 
-0.5 3.300 0.00 1.12 4.0000 1.025 . 5. 9751 1.1165 
-0.7 3.300 0.00 1.22 0.0000 370.370 -0.0022 1.2224 I 
-0.7 3.300 0.00 1.22 0.5000 81.967 0.8479 1.2224 
-0.7 3.300 0.00 1.22 1.0000 15.483 1.6967 1.2326 
-0.7 3.300 0.00 1.22 2.0000 2.485 3.4053 1.2416 
-0.7 3.300 0.00 1.22 3.0000 1.209 5.1079 1.2289 
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Residuals of AR(l) Model Transformed to an MA(l)Model 
********** CONTROL LIMIT FACTOR FOR Zs - 2.99********** 
***** SHIFT IN MEAN DUE TO A STEP CHANGE IN THE OUTPUT 
ALPHAX=0.0027 
LAMBDA• 0.75 GEOMETRIC MOVING AVERAGE CHART 
\ 







-0.0002 1.3457 0.9 2.670 0.00 1.35 0.0000 364.964 
0.9 2.670 0.00 1.35 0.5000 364.964 0.0048 1.3457 
0.9 2.670 0.00 1.35 1.0000 362.319 0.0098 1.3457 
0.9 2.670 0.00 1.35 2.0000 359.712 0.0198 1.3457 
0.9 2.670 0.00 1.35 3.0000 373.134 0.0298 1.3457 
0.9 2.670 0.00 1.35 4.0000 362.319 0.0398 1.3457 
0.7 2.670 0.00 1.22 0.0000 362.319 -0.0004 1.2210 
0.7 2.670 0.00 1.22 0.5000 357.143 0.0446 1.2210 
0.7 2.670 0.00 1.22 1.0000 347.222 0.0896 1.2210 
0.7 2.670 0.00 1.22 2.0000 312.500 0.1796 1.2210 
0.7 2.670 0.00 . 1.22 3.0000 257.732 0.2696 1.2210 
0.7 2.670 0.00 1.22 4.0000 205.761 0.3596 1.2210 
0.5 2.720 0.00 1.12 0.0000 370.370 -0.0007 1.1185 
0.5 2.720 0.00 1.12 0.5000 322.581 0.1243 1.1185 
0.5 2.720 0.00 1.12 1.0000 257.732 0.2493 1.1185 
0.5 2.720 0.00 1.12 2.0000 117.371 0.4993 1.1185 
0.5 2.720 0.00 1.12 3.0000 52.356 0.7494 1.1185 
0.5 2.720 0.00 1.12 4.0000 26.074 0.9979 1.1200 
0.3 2.780 0.00 1.04 0.0000 362.319 -0.0009 1.0446 
0.3 2. 780· 0.00 1.04 0.5000 233.645 0.2441 1.0446 
0.3 2.780 0.00 1.04 1.0000 98.425 0.4891 1.0446 
0.3 2.780 0.00 1.04 2.0000 22.906 0.9741 1.0492 
0.3 2.780 0.00 1.04 3.0000 7.617 1.4791 1.0633 
0.3 2.780 0.00 1.04 4.0000 3.747 1.9588 1.0687 
0.1 2.905 0.00 1.01 Q.0000 373.134 " -0. 0012 1.0057 
0.1 2.905 0.00 1.01 0.5000 133.333 0.4038 1.0057 
0.1 2.905 0.00 1.01 1.0000 37.957 Q"'.:-8'177 · 1.0093 
0.1 2:905 0. 00 . 1.01 2.0000 6.211 1. 6272 . · " 1. 0207~ 
2.905 0.00 1.01 3 .,0000 2.474 2.4327 1.0344 0.1 
0.1 2.905 0 .·00 .. · 1.01 4.0000 1.516 3. 254·6 .1.0190 
. . 
.i;.. 
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SHIFT ARLX Av.X Sd.X 
****AFTER SHIFT**** 
------------------------------------------------------------------------------
-0.1 3.080 0.00 1.01 0.0000 373.134 -0.0014 1.0060 
-0.1 3.080 0.00 1.01 0.5000 86.655 0.6036 1.0060 
-0.1 3.080 0.00 1.01 1.0000 16.921 1.2074 1.0108 
-0.1 3.080 0.00 1.01 2.0000 2.979 2.4086 1.0301 
-0.1 3.080 0.00 1.01 3.0000 1.380 3.6370 1.0155 
-0.1 3.080 0.00 1.01 4.0000 1.053 4.8274 1.0126 
-0.3 3.220 0.00 1.05 0.0000 362.319 -0.0017 1.0453 
-0.3 3.220 0.00 1.05 0.5000 56.689 0.8433 1.0453 
-0.3 3.220 0.00 1.05 1.0000 9.013 1.6983 1.0576 
-0.3 3.220 0.00 1.05 2.0000 1.715 3.4057 1.0679 
-0.3 3.220 0.00 1.05 3.0000 1.069 5.0599 1.0468 
-0.3 3.220 0.00 1.05 4.0000 1.001 6.7277 1.0467 
-0.5 3.300 0.00 1.12 0.0000 362.319 -0.0019 1.1195 
-0.5 3.300 0.00 1.12 0.5000 37.368 1.1215 1.1239 
-0.5 3.300 0.00 1.12 1.0000 5.565 2.2618 1.1352 
-0.5 3.300 . 0.00 1.12 2. oo·oo 1.266 4.5008 1.1207 
• 
-0.5 3.300 0.00 1.12 3.0000 1.004 6.7148 1.1170 
-0.5 3.300 0.00 1.12 4.0000 1.001 8.9642 1.1152 
-0.7 3.300 0.00 1.22 0.0000 370.370 -0.0022 1.2224 
-0.7 3.300 0.00 1.22 0.5000 23.641 1.4326 1.2359 
-0.7 3.300 0.00 1.22 1.0000 3.736 2.8885 1.2396 
-0.7 3.300 0.00 1.22 2.0000 1.088 5.7698 1.2412 
-0.7 3.300 0.00 1.22 3.0000 1.002 8.6270 1.2136 
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